Adaptation of jaw muscles after surgical mandibular advancement by Dicker, G.J.F.M.
 Adaptatie van kaakspieren na 
chirurgische voorwaartse verplaatsing van de 
onderkaak
 ISBN/EAN: 978-90-9026814-9
Printed by: Van Stiphout Grafische Communicatie, Helmond
© 2012 G.J. Dicker, Helmond, the Netherlands. All rights reserved. No part 
of this publication may be reproduced or transmitted in any form or by any 
means, electronic or mechanical, including photocopy, recording, or any in-
formation storage and retrieval system, without permission in writing from the 
copyright owner.
The studies presented in this thesis were conducted at the Departments of
Oral and Maxillofacial Surgery/Pathology, Academic Centre for Dentistry Am-
sterdam (ACTA) and VU University Medical Center
Radiology, VU University Medical Center
Functional Anatomy, Academic Centre for Dentistry Amsterdam (ACTA)
Publication of this thesis was supported by the Elkerliek Ziekenhuis, Helmond, 
the Netherlands.
 VRIJE UNIVERSITEIT
Adaptation of jaw muscles after surgical 
mandibular advancement
ACADEMISCH PROEFSCHRIFT
ter verkrijging van de graad Doctor aan
de Vrije Universiteit Amsterdam,
op gezag van de rector magnificus
prof.dr. L.M. Bouter,
in het openbaar te verdedigen
ten overstaan van de promotiecommissie
van de Faculteit der Tandheelkunde
op donderdag 6 september 2012 om 13.45 uur
in de aula van de universiteit,
De Boelelaan 1105
door
Gerardus Joannes Franciscus Marie Dicker
geboren te Geldermalsen
 promotoren: prof.dr. D.B. Tuinzing
  prof.dr. J.A. Castelijns
copromotoren: dr. T. Forouzanfar
  dr.ir. J.H. Koolstra
 referent:  ir. R.A. van Schijndel
leescommissie:  prof. dr. A.G. Becking
   prof. dr. H. van Beek
   dr. P. de Graaf
   prof. dr. R. Koole
paranimfen:  Maarten Dicker
   Michiel Dicker
ceremoniemeester: Eveline Dicker
 Alles sal regkom, as elkeen sy deel doen (Jan Brand)
“Lofty reflections on surgical mandibular advancement”
  Karel Sirag (2012). Oil on masonite (7,5x5,5 cm)
   
to: Maarten
Eveline
Michiel
 
Contents
Chapter 1 Introduction and aims of the study. 
Chapter 2  Adaptation of jaw-closing muscles after surgical mandibular 
advancement procedures in different vertical craniofacial 
types: a Magnetic Resonance Imaging study. Oral Surg. Oral 
Med. Oral Pathol. Oral Radiol. Endod. 2007: 103: 475-82.
Chapter 3  Adaptation of lateral pterygoid and anterior digastric mus-
cles after surgical mandibular advancement procedures in 
different vertical craniofacial types: a Magnetic Resonance 
Imaging study. Oral Surg. Oral Med. Oral Pathol. Oral 
Radiol. Endod.  2008: 105: 688-97.
Chapter 4  Positional changes of the masseter and medial pterygoid 
muscles after surgical mandibular advancement proce-
dures: an MRI study. Int J Oral Maxillofac Surg (2012), 
doi:10.101/j.ijiom.2012.01.007
Chapter 5  Static and dynamic loading of mandibular condyles and 
their positional changes after bilateral sagittal split advance-
ment osteotomies. Int J Oral Maxillofac  Surg (2012), 
doi:10.1016/j.ijom.2012.03.13
Chapter 6  Surgical-Orthodontic treatment of mandibular hypoplasia; 
the impact of skeletal and muscular changes. Ned Tijdschr 
Tandheelkd (2012), submitted.
Chapter 7  Summary, conclusions, address to the aims, future perspec-
tives.
Samenvatting,  conclusies, bespreking van de doelstellingen, toekomstig 
onderzoek.
Samevatting,  konklusies, bespreking van die doelstellinge, toekomstige 
navorsing.
Dankwoord.
Curriculum vitae.
11
35
53
73
91
111
127
134
139
145
149


Chapter 1
Introduction
and aims of the study


Introduction
The bilateral sagittal split osteotomy (BSSO) was described in 1957 by Trauner and 
Obwegeser.112,113  This method, to split the mandible in the gonial area, allowed the os-
teomy parts to slide alongside each other, while maintaining contact. (Fig. 1) The BSSO 
proved to be useful for mandibular set-back and advancement, as well as for correction 
of mandibular asymmetries. Because of its versatility, it became rapidly the most popular 
osteotomy to correct the above-mentioned deformities. Over the past decades, several 
modifications have been introduced.18,27,53,133 The design of the operation provides a large 
overlap between the proximal and distal segments. The contact surface thus generated, 
allows for stable fixation of the segments with either positional screws or miniplates 
Impression of the bilateral sagittal split osteotomy (BSSO). The mandible is divided in two proximal segments 
(with the condyles), and a distal part. 
Fig. 1

and monocortical screws (Fig. 
2) and, as a result, rapid bone 
healing.  At present, the BSSO 
is probably the most frequently 
used osteotomy to advance a 
hypoplastic mandible. Several 
retrospective and some pro-
spective studies attest to the va-
lidity of the fixation methods 
used. Yet, some relapse might 
still occur which may be attri-
buted to several causes.
Early skeletal relapse
Since advancement of the man-
dible implies stretching of the 
soft tissue envelope, including 
skin and muscles, of particularly 
the submental area, there is al-
ways a traction force that tends 
to pull the mandible back to its 
original position (Fig. 3). This 
was particularly the case when 
wire osteosynthesis were used 
to fix the fragments. The intro-
duction of screw and miniplate 
plate fixation has, for a large 
part, solved the problems rela-
ted to early relapse such as those 
caused by intra operative incor-
rect positioning of the condyles 
(condylar sag) and instability at 
the osteotomy, more or less in-
herent to the wire osteosynthe-
sis. 
Late skeletal relapse, condylar 
resorption
Unfortunately, even when sta-
ble fixation is applied, the long 
term results of surgical man-
dibular advancement surgery, 
using a BSSO, are not always 
completely satisfactory.57,118 It 
appears that the changes of the 
masticatory system, caused by 
the operation, are able to initi-
Impression of the advancement BSSO. Fixation with (bicortical) 
position screws.
Impression of the advancement BSSO. Fixation with miniplate and 
monocortical screws.
Fig. 2a
Fig. 2b
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ate, or reactivate, a process of condylar remodelling or even condylar resorption. When 
this condylar resorption process is progressive, skeletal relapse occurs, resulting in a 
sagittal open bite (overjet). In the case of a class II deformity with a vertical open bite, 
it may also, at least partially, lead to a recurrent vertical open bite. The percentage of 
progressive condylar resorption (PCR) and relapse, as reported in the literature, va-
ries from 1% up to 31%.12,14,17,19,51,52,55,62,64,75,79,97 This variation can be explained by the 
broad spectrum of dentofacial deformities that were included in these studies, but also 
by the retrospective nature of most studies with often poor description of the dentofacial 
deformities involved. Several reasons for the occurrence of PCR have been mentioned 
Schematic representation of the traction generated by the stretched soft tissue envelope (i.e. the suprahyoidal 
musculature and the other soft tissues surrounding the chin). 
Fig. 3
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in studies that were mainly fo-
cused on the skeletal changes. 
They include: 
 Methods of fixation: intermaxil-
lary fixation and wire osteosyn-
thesis versus lag screws,78,92,101 
position screws,13,21,59,103  mini-
plates12,51,59,72 (Fig. 2) 
The extent of the mandibular 
advancement11,25,117 (Fig. 4a)
The preoperative craniofa- 
cial type (long-face, short-face) 
11,24,62,77(Fig. 5) 
Rotation of the distal segment 
(clockwise, counterclockwise) 
30,93,94,102 (Fig. 4b,c)
Rotation of the proximal seg-
ments (clockwise, counter-
clockwise coronal, axial (torque) 
2,7,8,16,22,24,46,47,54,55,68,77,80,119,120 
(Fig. 4a,b; Fig. 6)
The preoperative existence of 
temporomandibular joint dis-
turbances.31,60,63,73,84,87,98,111,130,132
a, Counterclockwise rotation of the proximal segment and linear advancement of the distal segment; b, coun-
terclockwise rotation of the proximal segment and clockwise rotation of the distal segment; c, counterclockwise 
rotation of the distal segment.  
  Fig. 4
a      b        c
Short-face profile, low mandibular plane angle, short lower anterior 
face and deep bite.
Fig. 5a
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Craniofacial type: short-face, long-face
It appears that the initial craniofacial type, i.e. short-face or long-face, is more impor-
tant a factor for the stability of mandibular advancement surgery than the method of 
fixation. Over the years, the image emerged that short-face and long-face class II are 
not different expressions of the same skeletal disorder, but that they are separate cranio-
facial deformations with different etiologies.28,81,85,99,121 Some authors state that condylar 
resorption may be present in patients with a long-face class II deformity with an ante-
rior open bite long before the disease becomes clinically manifest (i.e. progressive). The 
disease would affect the subcondylar bone, without destruction of the condylar carti-
lage.134 In a growing child, this could imply that condylar resorption is the cause, rather 
than the consequence of a long-face class II deformity.
Based on empirical evidence, treatment protocols were developed to prevent counter- 
clockwise rotation of the distal segment.42 The rationale behind this was that the therapy 
should be compatible with the clockwise growth pattern and the clockwise traction of the 
skin and the suprahyoidal muscles of long-face patients with an anterior open bite defor-
mity (Fig. 7). To achieve this, these protocols involved a Le Fort I osteotomy. Today, the 
necessity of a bimaxillary procedure, with the only purpose to prevent counterclockwise 
rotation of the distal segment, 
is once more under discussion. 
Several papers report a similar 
amount of relapse in bimaxil-
lary cases compared to advance-
ment BSSO only, or report 
successful counterclockwise 
advancements,6,93,94,102 whereas 
others report disappointing re-
sults.30,55,77 
As a result of the research men-
tioned, a high risk group for the 
occurrence of PCR and relapse 
has been defined. It appears 
that young female patients 
with a mandibular hypoplasia 
and a vertical open bite defor-
mity and small or posteriorly 
inclined condyles are prone 
to develop PCR, in particular 
when preoperative temporo-
mandibular joint dysfunction 
symptoms are present. The fact 
that female patients are at high 
risk, gave rise to the idea of a 
hormonal component. This 
notion is supported by several 
studies. 1,3,45,125
Long-face profile, high mandibular plane angle, long anterior lower 
face and anterior open bite.
 
Fig. 5b
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In spite of extensive research, the cause for PCR is still not clear. In general, however, 
increased loading of the condyles after treatment is supposed to be a defining factor.5
Increased loading of the condyles
Increased loading of the condyles could be the result of stronger or more effective jaw- 
closing muscles after surgery, because temporomandibular joint loading largely depends 
on these muscles.105,110
Stretching of the tissue envelope around the chin and stretching of the suprahyoidal 
musculature could also increase condylar loading. This is however, not yet proven in 
human beings.15,26,128,129
Change of the position of the condyle in a sagittal, coronal or axial plane during fixation 
of the proximal and the distal segment at operation may cause injury to the condyle. 
Counterclockwise rotations in the sagittal plane may involve a previously unloaded area 
of the condyle in articulation.55 Rotations in the axial plane (torque) and the coronal 
plane may cause friction between the condyle, the disc and the fossa.4,5 Distalization of 
the condyles during the application of internal rigid fixation may also cause compression 
of the joint.4,55,120
Intraoperative rotation (torque) of the proximal segments. Rotation in the axial plane. Owing to the advance-
ment of the distal segment, the buccal extensions of the proximal segments are pushed outward.
  Fig. 6a

Intraoperative rotation of the proximal segments. Rotation in the coronal plane. The initial position of the 
proximal segment is shown in pink. On the left side of the mandible, the lingual bone cut is shown, before 
advancement of the distal segment.
  Fig. 6b
Muscular changes 
Little attention has been paid to physical changes that occur in human jaw muscles af-
ter surgical mandibular advancement.44 This is surprising, because temporomandibular 
joint load depends on the magnitude, direction and moment arm of jaw muscle force 
and bite force.105,110 The magnitude of jaw muscle force depends mainly on the overall 
muscle size70,74,96,126and intrinsic muscle strength.36,49,66,126 Most studies that compare jaw 
muscles before and after surgical mandibular advancement however, are on bite force 
and chewing efficiency.88,100,104,106,107,115,116,137 Several electromyography studies report 
on differences of jaw muscle activity.43,127 20,23,91,128,138 Usually, these electromyography 
studies did not include the medial pterygoid muscle. Studies on masseter fibre type 
are rare.36,49,86 There are only two studies that compare the largest cross section of the 
masseter muscle before and after BSSO. Both studies are on patients who underwent a 
BSSO set-back.61,114 
Muscle size
Because muscle size is the determinant factor for muscle strength, it appears that 
there is reason for a study that compares jaw muscle size before and after surgical man-
dibular advancement. To measure the muscle size it is necessary to have high quali-
ty tree-dimensional images, such as (cone beam) CT or MRI. A distinct advantage 
of MRI over CT is that it is possible to make series of images in different directions 
without repositioning the patient. This facilitates three-dimensional reconstruction of 
the muscles. Another major advantage is, of course, the absence of X-rays in MRI. 

Long-face profile. Arrows indicate the clockwise traction of the jaw muscles and the other soft tissues surrounding 
the mandible.
  Fig. 7

The accuracy and the applications of MRI of jaw muscles are well established .9,10,32-35,37-
41,48,50,56,58,67,69,71,76,82,83,89,90,95,98,121-124,131,135,136 
Customized software was developed for the segmentation of the contours of the jaw 
muscles (VISIAN, VU University, Dept. of Clinical Physics). This software made it 
possible to segment the muscle’s cross sections and to calculate the surface of each cross 
section. The largest cross section of the muscle is known from the literature as the cross- 
sectional area (CSA). It is a measure for the maximum isometric strength a muscle can 
generate.74,126  Muscle volume could be calculated by multiplying the sum of the cross 
sections by the slice thickness. 
Muscle direction
Some important theoretical studies discuss the direction and the moment arms of jaw 
muscles before and after surgery.29,108,109 These studies were done on lateral cephalo-
graphs. In these studies, the line that represented the direction, also referred to as the 
line of action, of the muscle had to be decided upon by the researchers. This means that 
the muscle direction, though carefully assessed, was arbitrary and difficult to reproduce. 
Moreover, due to the two-dimensional character of these studies, it was not very well 
possible to determine the direction of the medial pterygoid muscle separately in the sa-
gittal plane. Only one three-dimensional study on masseter muscle direction before and 
after BSSO was found.  In this CT study, on patients treated with a BSSO set-back, the 
muscle direction was determined arbitrarily.114
A study to assess the direction of the jaw muscles in a three-dimensional environment 
could, therefore, be of interest. Koolstra’s method65 makes it possible to construct a line 
that represents the estimated direction of a jaw muscle in a three-dimensional Cartesian 
coordinate system. The method is reproducible, because the software calculates a line 
through the centroids of the segmented cross sections.
Rotation of the condyles,
As mentioned above, peroperative counterclockwise rotation of the proximal segments 
is considered unfavourable for the condyle, because a previously unloaded part of the 
condylar surface will be involved in articulation after surgery. Rotations in the axial 
plane are also considered to be harmful, because they are believed to cause friction that 
may initiate condylar resorption. Sagittal and axial rotations of the condyles are well do-
cumented. The only study, however,  that assesses the condylar as well as  the muscular 
changes after orthognathic surgery, concerned mandibular set-back procedures.114  
For this reason it was decided to carry out an in vivo study on the size and the direction 
of the most important jaw muscles before and after surgical mandibular advancement 
and to assess the rotations of the proximal segments in a group of short-face and a group 
of long-face patients.
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Abstract
Objective. Surgical mandibular advancement influences the biomechanics of the man-
dible and as a result may provoke relapse. In this study, the adaptation of the masseter 
(MAS) and medial pterygoid muscles (MPM) after surgical mandibular advancement 
was evaluated. 
Study Design. Of 12 patients with mandibular retrognathia and varying vertical cranio-
facial morphology, axial and 30º angulated magnetic resonance imaging (MRI) scan se-
ries were taken preoperatively and 10 to 48 months postoperatively. Using cluster analy-
sis, subjects were assigned to a long-face (LF) and a short-face (SF) cluster. Subsequently, 
preoperative and postoperative maximum cross-sectional areas (CSA) and volumes of 
the MAS and MPM were compared in these groups.
Results.  The cross-sectional area and volume of the MAS decreased significantly in both 
the SF and LF cluster (up to 18%). Although not significantly, this phenomenon tended 
to be more pronounced in LF patients. The cross-sectional area of the MPM showed less 
adaptation. 
Conclusions. The jaw-closing muscles become significantly smaller after surgical mandi-
bular advancement, irrespective of the vertical craniofacial type. 

Introduction
One of the objectives of orthognathic surgery is normalization of a deviant maxillo-
mandibular relationship. Unfortunately, the long-term results are not always favourable 
due to occurrence of skeletal relapse, which occurs predominantly in patients with a 
long-face (LF) morphology.1,2  Although relapse seems to have a multifactorial etiology, 
nonphysiological changes in the morphology of the temporomandibular joint have been 
proposed as major contributing factors.3
Biomechanical models previously suggested that orthognathic surgical procedures in-
duce significant changes4-6 in maximum bite force levels and the load of the temporo-
mandibular joint.7,8 Clinical research on the effect of orthognathic surgery on jaw muscle 
function confirmed these observations although, in addition to an increase, a decrease in 
function has been found. 9-17
Based on the close association between form and function, one can hypothesize that 
surgical correction of an aberrant maxillomandibular relationship is followed by an 
improved masticatory function. Alternatively, a negative effect can also be anticipated, 
because elongation of the mandible moves the tooth bearing area of the mandible anteriorly. 
The increase in moment arm of the generated bite force will negatively influence the 
effectiveness of the leverage (mechanical advantage is defined as moment arm of the 
muscle/moment arm of the bite force).8 
Thus, surgical advancement of the mandible is capable of altering the biomechanics of 
the mandible, which can result in either an improvement or a deterioration of the mas-
ticatory performance. From these 2 opposing biomechanical situations, the following 4 
scenarios emerge:
1. The biomechanics of the masticatory system have improved and less muscle strength 
is needed to perform the same masticatory tasks. Hence, the jaw-closing muscles will 
adapt (atrophy) until a new balance has been reached.
2. The biomechanics of the masticatory system have improved. Therefore, jaw muscles 
can function better and will ultimately increase in strength (size).
3. The biomechanics of the masticatory system have deteriorated. More muscle strength 
is needed to achieve the same masticatory performance, and an increase in muscle mass 
occurs.
4. The biomechanics of the masticatory system have deteriorated. The impaired func-
tion leads to a decline in muscle mass (atrophy).
In order to get more insight into which of the aforementioned scenarios is a valid, change 
in masticatory function should be studied, for instance by monitoring electromyographic 
activity, maximum bite force levels, and jaw muscle size (cross-sectional area and volume).
Previous studies show that the biomechanical performance of the masticatory system is 
determined to a major extent by the cross-sectional area of the jaw muscles, rather than 
by their orientation.8,18,19 The cross-sectional area indicates the maximum isometric con-
traction strength a muscle can exert20 and hence reflects the maximum loading condition 
of the mandible. However, since maximum forces are exerted only a fraction of the day, 

measuring the volume of a muscle may provide additional information about the deliver-
ed work (W= F x L, i.e. the work done (W) is equal to the applied force (F) multiplied 
by the length (L) of the muscle). 
This study analyzed the effect of surgical mandibular advancement on masticatory func-
tion by analyzing the changes in cross-sectional area as well as the volume of the jaw 
muscles.
 
Material and methods
Twelve patients (5 males and 7 females) participated in this study. The mean age at the time 
of surgical procedure was 31 years of age (range,18-45 years) All patients had mandibu-
lar retrognathia and individually varying vertical craniofacial relationships ranging from 
short-face (SF) to LF morphology. A uniform surgical treatment protocol was followed 
for all patients, who all received orthodontic treatment. The mandible was surgically ad-
vanced by means of bilateral sagittal split osteotomies. In 4 LF cases, the surgical advan-
cement of the mandible was combined with a Le Fort I osteotomy. In these combined 
cases, care was taken to avoid counterclockwise repositioning of the mandible. There-
fore, lengthening of the posterior total face height (PTFH) and shortening of the anterior 
total face height (ATFH) was prevented1 (Fig. 1). Surgical procedures for all patients were 
performed in the same hospital and all patients received rigid internal screw fixation. 
Cephalometric analysis was performed on preoperative lateral radiographs that were di-
gitized with the software program Viewbox® (dHal software, Kifissia, Greece). The fol-
lowing cephalometric variables were used to analyse the vertical craniofacial morphology: 
1.  the anterior total face height (ATFH: distance between nasion and menton)
2.   the anterior lower face height (ALFH: distance between anterior nasal spine and 
menton) 
3.  the ratio between ALFH and ATFH
4.  the posterior total face height (PTFH: distance between sella  and gonion)
5.  the ratio between PTFH and ATFH
6.   the angle between the spinal plane (anterior and posterior nasal spine) and the man-
dibular plane (menton-gonion)
7.  Gonial angle: angle between articulare, gonion, and menton
Magnetic resonance imaging of the jaw muscles
Magnetic resonance imaging (MRI) scans were taken prior to the start of the orthodon-
tic treatment and after the removal of the orthodontic appliances. The mean time after 
surgical procedure of the posttreatment scans was 18 months (range, 10-48 months). 
The MRI scan protocol has been described in detail previously.21 Briefly, serial MRI 
scans (the slice thickness of 5 mm, T1 weighted sequence, 20 cm field of view) was 
made with a Siemens Impact 1.0 T system (Siemens AG, Medical Solutions, Erlangen, 
Germany). The scans were taken with the patients in a supine position and the Frankfurt 
horizontal plane was orientated vertically. The patients were asked to hold their teeth 
together but to avoid clenching. 
A limited 30° angulated series was used to image the MAS and the MPM perpendicu-
larly to their long axes to obtain the clearest image possible. We did so because the best 
spatial resolution is achieved by choosing the most appropriate scan plane at once rather 
than reformatting MRI images.21  This 30º angulated series enabled the selection of the 
midbelly slices and measurement of the maximal cross-sectional area. The lateral incli-
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Preoperative and postoperative profiles of a mean long-face (LF) and a mean short-face (SF) patient as construc-
ted from the cephalometric data preoperatively and (±1 month) postoperatively.
   Fig. 1.
Pre
Post
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nation of the long axis of the medial pterygoid muscle, in particular, was disregarded. 
Therefore, the cross sections of this muscle were probably larger than when measured 
along a reconstructed long axis as suggested by Goto et al.22 As the same scanning pro-
tocol was followed both preoperatively and postoperatively, it is likely that these enlarge-
ments were proportionally the same in both measurements. 
Furthermore, an extended axial scan series taken from the origin to the insertion of the 
muscles was used to compute preoperative and postoperative volumes. 
Segmentation of the cross sections of the muscles was performed with customized com-
puter software VISIAN (Department of Clinical Physics, VU University Medical Cen-
ter, Amsterdam), allowing semiautomatic segmentation of structures on pixel level. The 
same 2 researchers (G.D. and P.V.S.) carried out and agreed upon all segmentations. The 
largest cross-sectional area of each muscle was recorded. 
Muscle volume was calculated by adding the sequential cross-sectional areas of the in-
dividual muscles, multiplied by the slice thickness (including the inter-slice gap of 1.2 
mm), that is, Muscle volume (cm³) = (A
1
 + A
2
 + ….. + A
n
) x slice thickness, in which A
1
 
to A
n
 are the sequential cross-sectional areas.
Statistical analysis
The cephalometric and muscular data were statistically analyzed with SPSS for Windows 
(12.0; SPSS Inc., Chicago, IL). Because in the literature emphasis has been put on the 
importance of distinguishing between different vertical craniofacial shapes, a cluster ana-
lysis was used to examine if a distinction could be made between SF and LF morphology. 
Subsequently, a multivariate analysis of variance was used to test if muscular changes had 
taken place between the preoperative and postoperative measuring moments.
 
Error analysis.
The intraobserver and interobserver error of determining jaw muscle cross-sectional 
areas and volume was assessed by repeating measurements of all available MRI scans after 
a period of 3 weeks. For these procedures, repeated measurement reliability coefficients 
were all more than 99%.
Results   
Figure 2 shows preoperative and postoperative MRI scans of a LF and a SF patient. The 
midsagittal scans, displayed in the upper row, indicate the change in craniofacial mor-
phology. The 30° angulated scans in the middle row show the cross sections of the MAS 
and the medial pterygoid muscles. The tracings at the bottom row show the considerable 
changes in muscle size that occurred in both the LF and the SF patient. The postopera-
tive decline in muscle size is especially visible in the LF patient. 
Using cluster analysis, it was decided that the sample be divided into 2 clusters. Based on 
the cephalometric characteristics, these clusters were labelled as SF (n = 5) and LF (n = 7; 
Table 1). Figure 1 shows a mean LF and SF profile constructed from these characteristics 
and mean postoperative profiles based on the postoperative cephalometric data.
The MAS and MPM showed different cross-sectional area and volume readings on the 
right and left side. In these differences, no consistent pattern could be found. Therefore, 
left and right data were averaged.
Table 2 lists the descriptive statistics of the mean preoperative and postoperative cross-
sectional areas and volume data of the MAS and the MPM of the SF and LF cluster. 
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Preoperative and postoperative 
magnetic resonance imaging 
(MRI) scans of a LF and a SF 
patient. In the upper rows, mid-
sagittal scans are presented that il-
lustrate the change in craniofacial 
morphology. In the middle rows, 
30° angulated scans are displayed 
showing the cross sections of the 
masseter and medial pterygoid 
muscles. The tracings at the 
bottom rows depict the conside-
rable changes in muscle size that 
occurred in both the LF and the 
SF patient. 
   Fig. 2.
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Note that, preoperatively, the most voluminous muscles were present in the SF cluster. 
Postoperatively, the cross-sectional areas and volumes of the MAS muscles were substan-
tially smaller in both the SF and LF clusters, except for the cross-sectional areas of the 
MPM in the SF cluster that showed a minimal increase. 
The multivariate analysis of variance was done with muscle cross-sectional area and 
muscle volume as the dependent variables.  Vertical skull shape (SF and LF) was treated 
as a between subjects factor, whereas stage (preoperative and postoperative) and muscle 
type (MAS and MPM) were regarded as within subjects factors.
Results of the multivariate analysis are presented in Table 3. Since this study focuses on 
preoperative and postoperative differences - for all effects in which stage was involved 
and which were multivariately significant - univariate results are presented in Table 4.
In Table 4, it can be seen that the muscle by stage interaction effect was significant for 
cross-sectional area as well as for volume. Therefore, simple stage within muscle effects 
was tested (Table 5). From these tests, it can be concluded that both the cross-sectional 
area and volume of the MAS and the MPM changed significantly with stage on the multi-
variate level. From the univariate tests (Table 6), it appeared that the change in stage of 
the cross-sectional area of MPM was the only one not to be significant. Table 3 illustrates 
that the muscle by stage by skull type interaction effect was not significant.
SF, short face; LF, long face; ATFH, anterior total face height; Na, nasion; Me, menton; ALFH, anterior lower 
face height: ANS, anterior nasal spine; PTFH, posterior total face height; Se, sella point; Go, gonion; Sp, spinal 
plane; Mp, mandibular plane; Ar,  articulare.
 
Table 1. Final cluster centers
       Cluster
     1 (SF)    2 (LF)
ATFH (Na-Me)    118,90    128,96
ALFH (ANS-Me)      65,33      79,57
ALFH/ATFH  X 100%      54,93      61,68
PTFH (Se-Go)      89,95      74,76
PTFH/ATFH  x 100%      75,96      58,08
Sp Mp (o)       11,60      37,29
Ar-Go-Me (o)     109,40    129,71
SF, short face; LF, long face; MAS, masseter muscle; CSA, cross-sectional area (cm2); MPM, medial pterygoid 
muscle; vol, volume (cm3); Dif. difference.
Table 2. Descriptive statistics (mean and standard deviation) of the preoperative and post-
operative cross-sectional area and volume of the masseter and medial pterygoid muscles
                                                                 SF  (N=5)                                                                                  LF (N=7)
                     Pre     Post         Dif. (%)                              Pre                 Post Dif. (%)
  MAS    CSA               6,64 (1,17)              5,95 (1,42)             10,96    4,46 (0,33)             3,72 (0,42)               18,09
  MPM   CSA               4,09 (1,00)              4,12 (1,34)              -0,73    3,30 (0,59)               2,88 (0,35)              13,59
  MAS    vol             26,16 (5,52)            23,16 (4,54)             12,17  16,22 (1,87)            13,45 (2,36)               18,67
  MPM   vol             11,27 (2,58)            10,45 (2,31)               7,55    7,86 (1,56)               6,54 (1,09)              18,33
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This can be taken to mean that changes in muscle cross-sectional areas and volume oc-
curred irrespective of the variation of vertical skull shape. On the other hand, differen-
ces in behavior between muscles and/or skull types could not be discarded completely. 
Therefore, we decided to explore the behavior of the different muscles in stage in the SF 
and LF clusters (Fig. 3). 
The similarity in the decline of the SF and LF lines points to a similar reaction of the 
cross-sectional area and volume of the MAS. However, the lack of parallelism between 
the SF and LF lines of the cross-sectional area of the MPM suggests that in LF subjects, 
the decline in muscle size could be more pronounced.
CSA, cross-sectional area.
Table 4. Univariate tests
Source                 Measure       F   Sig.
stage   CSA    8,456  0,016
   Vol  26,587  0,000
muscle by stage  CSA  13,247  0,005
   Vol    8,753  0,014
Table 3. Multivariate test
Effect                            Effect name                             F                       Sig.
Between subjects  intercept   177,006   0,000
   skull type     11,626   0,003
Within subjects  muscle   146,609   0,000
   muscle by skull type    15,228   0,001
   stage     12,280   0,003
   stage by skull type      0,389   0,689
   muscle by stage      6,029   0,022
   muscle by stage by skull type     1,073   0,382
MAS, masseter muscle; MPM, medial pterygoid muscle.
Table 5. Multivariate tests for simple stage within muscle effects
Muscle        F   Sig.
MAS   10,629   0,003
MPM     7,127   0,012
Table 6. Univariate tests for simple stage within muscle effects
Measure  Muscle    comparison     F  Sig.
CSA  MAS  pre versus post  0,719  0,002
   MPM  pre versus post  0,233  0,152
Volume  MAS  pre versus post  2,866  0,001
   MPM  pre versus post  1,112  0,002
CSA, cross-sectional area; MAS, masseter muscle; MPM, medial pterygoid muscle. 
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Discussion
This study showed clearly that surgical mandibular advancement caused a significant 
decline in jaw muscle cross-sectional area and volume.  It is tempting to speculate why 
the jaw-closing muscles become smaller after mandibular advancement.
A temporary effect caused by disuse of the jaw muscles after the surgical procedure and 
the orthodontic treatment is unlikely, since the postoperative scans were taken 10 to 48 
months after removal of the orthodontic appliances. This is supported by the findings 
of Throckmorton et al.,14 who showed that maximum bite force levels had a prolonged 
repair period of 6 months to 2 years. 
The time span between the surgical procedure and the postoperative MRI and the 
amount of decline of cross-sectional area and volume were not interrelated in the present 
sample. A repair process therefore, could not be ascertained. 
An aging effect on the decline of jaw muscle cross-sectional area and volume should be 
considered also. It is difficult to make definitive comments regarding this matter because 
untreated controls were not included in the present study, and data from the literature 
Change in muscle cross-sectional areas and volume in stage in the SF and LF clusters. Note that the change in 
the cross-sectional areas and volume of the MPM is relatively small.
  Fig. 3.
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are sparse. Nevertheless, the pure effect of ageing in a period of approximately 2 years 
seems very limited.23
Scenarios
From the four suggested scenarios as presented in the introduction, only scenario 1, 
which describes an improvement of the biomechanics of the masticatory system (so less 
muscle force is needed)24 and scenario 4, which suggests a deterioration, may be valid. 
Support for scenario 1 comes from a number of studies on postoperative bite force levels, 
which reported an increase in maximum bite force after orthognathic surgical procedu-
res. Surprisingly, bite forces levels increased after mandibular advancement, as well as 
after mandibular setback procedures,10-16 and thus, regardless of the direction in which 
the mandible is surgically displaced. This may mean that the surgically induced change 
in mechanical advantage is of less importance than previously suggested.8  A limitation 
of most studies on bite force is the absence of data before placement of the orthodontic 
appliances.25 However, the effect of the presence of orthodontic appliances and the sub-
sequent occlusal changes on maximum bite force and chewing efficiency appears to be 
not significant.26
Interestingly, Katsumata et al,27 who compared preoperative and postoperative compu-
ted tomographic scans of the jaw muscles after surgical mandibular setback procedures, 
found a significant decrease in the cross-sectional areas of the MAS. This decline in 
muscle size might be explained by the positive effect of the mandibular set-back pro-
cedure on the mechanical advantage of the jaw muscles. Probably the improvement in 
mechanical advantage was accompanied by an adaptation (decline) of the cross-sectional 
areas of the jaw-closing muscles.
Support for scenario 4 comes from a study that analyzed the efficiency of the jaw muscles 
after surgical mandibular advancement procedures, which suggests an impaired function 
of the masticatory system.17 By monitoring the electromyogram and food processing, 
a considerable decline in jaw muscle function was found postoperatively. In addition, 
Proffit et al.9 reported a temporary decrease in maximum bite force levels after surgical 
mandibular advancement procedures. 
The decline in cross-sectional area and volume of the MPM was less pronounced com-
pared with those of the MAS. Differences in functional tasks and muscle architecture 
might explain this finding. Although the MAS is a major jaw-closing muscle, the MPM 
is involved in lateral excursions of the mandible,28 a function that is probably less in-
fluenced by orthognathic surgical procedures.29,30 Support for this notion comes from 
studies on limb-muscle adaptation during prolonged space travels.31,32 These studies de-
monstrated that skeletal muscles with different tasks and muscle fiber-type composition 
had varying responses to microgravity and that the decline in muscle size could mount 
up to 30%.
Although not significant, the decline in the size of the jaw-closing muscles seemed to be 
more pronounced in LF patients, suggesting a stronger impairment of jaw muscle func-
tion in this vertical craniofacial type. In order to explain this observation one should rea-
lize that LF patients frequently show a more severe mandibular retroposition, and conse-
quently require more surgical advancement (also see Fig. 1). By advancing the mandible, 
its length is increased, which inevitably will influence its ultimate strength. Mandibular 
length and strength seem to be correlated variables.33,34 If mandibular lengthening is not 
followed by an increase in strength (e.g. by thicker cortical bone layers), neuromuscular 
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control of muscle activity initiated by activity of mechanoreceptors located in the periost 
or temporomandibular joint will chronically inhibit jaw muscle activity. Ultimately, this 
chronic inhibition will cause a hypotrophy of the jaw muscles.
So far, no definitive answer can be given from a biomechanical perspective about which 
of the opposite scenarios, 1 or 4, gives the most appropriate explanation for the consi-
derable decline in jaw muscle size. Nevertheless, it is difficult to explain how maximum 
bite force levels can substantially increase when simultaneously the size (strength) of the 
jaw muscles shows such a considerable decline. This discrepancy can only be explained 
if compensating changes occur concomitantly in other factors that determine the mag-
nitude of bite forces such as the spatial orientation of the jaw muscles and the direction 
of the bite force vectors. From an anatomical point of view, it is quite unlikely that such 
compensating changes have occurred to this extent.
Therefore, surgical mandibular advancement seems to induce an impaired rather than an 
improved masticatory function, which causes decline in muscle size. 
Conclusions
This study showed that cross-sectional area and volume of the jaw closing muscles de-
creased significantly after surgical mandibular advancement. The MAS muscles were 
more affected than the medial pterygoid muscles. Although not significantly, LF patients 
tended to be more susceptible to this decline. The decline in jaw muscle size suggests 
an impairment of jaw muscle function rather than an improvement of the mandibular 
biomechanics.
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Abstract
 
Objective.
Surgical mandibular advancement procedures induce major adaptations of jaw-closing 
muscles. In this study, adaptation of antagonist muscles, the lateral pterygoid (LPM) and 
anterior digastric muscles (DIG) was evaluated.
Study Design.
Eighteen adult patients with mandibular retrognathia and individually varying vertical 
craniofacial dimensions were treated with bilateral sagittal split osteotomies (BSSO), in 
some cases combined with a Le Fort I osteotomy (LF Bimax). 
The sample was divided into 1 short-face (SF, n = 7) and 2 long-face groups (LF BSSO, 
n = 3; and LF Bimax, n = 8). Pre- and postoperative maximum cross-sectional areas 
(CSA) and volumes were compared in these groups.  
Results.
Postoperatively, CSA and volume of LPM increased in BSSO cases and decreased in 
bimaxillary cases. Inconsistent increases and decreases of CSA and volume of DIG were 
seen in all groups.
Conclusions.
The LPM became larger in SF and LF BSSO patients and smaller in LF Bimax patients. 
The  DIG adapted unpredictably. 

Introduction.
Surgical mandibular advancement is a well established treatment modality for the cor-
rection of mandibular deficiency. The results in patients with long-face (LF) morphology 
however, are not always stable.1,2 The tendency to relapse probably has a multifactorial 
aetiology, in which degenerative changes of the mandibular condyle seem to play an 
important part.3-8 Owing to the altered postoperative biomechanics of the masticatory 
system,  the load in the temporomandibular joints may increase in some cases,9 which, 
speculatively, in turn could initiate degenerative condylar remodelling processes. Because 
surgical mandibular advancement procedures have a negative effect on the mechanical 
advantage (moment arm of the muscle/moment arm of bite force) of the jaw-closing 
muscles,10,11 the jaw-closing muscles indeed should become stronger in order to maintain 
the status quo of masticatory performance.
Surprisingly, human masseter muscles seem to respond to mandibular surgical procedu-
res not only with a decrease of the size of the individual muscle fibres,12 but also with 
a decrease of the overall muscle size.13,14 More specifically, significant intermediate to 
long-term decreases in the cross-sectional area (CSA) and volume of the masseter and 
medial pterygoid muscles have been found after surgical mandibular advancement in 
both short-face (SF) and LF patients. This adaptation of these jaw-closing muscles seems 
to be more pronounced in LF than in SF patients.14  Because size of CSA is an indication 
of maximum muscle strength,15 one can safely assume that the load in the temporo-
mandibular joints will be reduced, rather than increased postoperatively. It is therefore 
questionable, if relapse can be attributed to a postsurgical overloading of the TMJ. 
In vivo information about the impact of mandibular advancement surgery on the func-
tion of the lateral pterygoid (LPM) and anterior digastric (DIG) muscles is scarce. It is 
obvious that the considerable change in shape and position of the mandible induced by 
the advancement surgery potentially influences the function of these muscles.
The LPM are active during the translation phase of the jaw opening and during lateral 
excursions of the mandible,16,17 whereas the digastric muscles are active during swal-
lowing and during the rotation as well as the translation phase of jaw opening. Like 
the LPM, the DIG originate from the first branchial arch and are innervated by the 
trigeminal nerve. The DIG appear functionally allied to the mylohyoid and geniohyoid 
muscles.18 Both muscles are, together with the jaw-closing muscles, important in position- 
ing movements of the mandible and in maintaining its postural position.19  Surgical 
mandibular advancement induces stretching of the DIG which leads to a posteriorly di-
rected reaction force. Speculatively, this can be attributed to the occurrence of relapse.20 
The present study was conducted to examine if, and if so to what extent, size of CSA and 
volume of LPM and DIG change after surgical mandibular advancement.
The following 4 scenarios were anticipated in order to hypothesize how the surgically 
induced morphologic changes influenced the opening movement of the mandible.
Scenario 1: Opening movement of the mandible has not been influenced. Therefore, 
the size (CSA and volume) of LPM and DIG remains unchanged. 
Scenario 2: Opening movement of the mandible has not been influenced. But, because 
the size (strength) of the jaw-closing muscles (i.e., the masseter and medial pterygoid 
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muscles) has decreased significantly,13,14  the LPM and DIG deteriorate correspondingly 
to maintain equilibrium.  
Scenario 3: Opening movement of the mandible is impaired e.g., owing to surgically 
induced rotation of the condyles).21-26 
 a  Therefore, more force is required to open the mandible, and the strength (size) 
of  the jaw-opening muscles such as LPM and DIG must increase.
 b  Owing to the impaired opening function, chronic inhibition of the jaw open-
ing  muscles occurs, ultimately leading to a decrease in size.
Scenario 4: Opening movement of the mandible is facilitated. 
 a  Therefore, the function of the jaw-opening muscles is improved, and their size 
increases. 
 b  Because less force is required to open the mandible, the size of the jaw-open-
ing muscles may decrease.
To explore which of these scenarios are valid for the LPM and the DIG, this study ana-
lyzed the changes in their CSA and volume. 
Material and methods.
Eighteen patients (7 males and 11 females) with mandibular retrognathia participated 
in this study. None of the patients showed marked facial asymmetry or symptoms of 
temporomandibular disorders. The average age at the time of surgery of the patients was 
28 years (range 16-45 years).
Cephalometric analysis was performed on preoperative lateral radiographs to assess ini-
tial vertical craniofacial morphology. These radiographs were digitized with the View-
box® (dHal Software, Kifissia, Greece) software program and the following variables 
were measured:
1. Anterior total face height (ATFH; distance between nasion and menton).
2.  Anterior lower face height (ALFH; distance between anterior nasal spine and men-
ton).
3. Ratio between ALFH and ATFH.
4. Posterior total face height (PTFH; distance between sella and gonion).
5. Ratio between PTFH and ATFH.
6.  Angle between the spinal plane (anterior and posterior nasal spine) and the mandibu-
lar plane (menton-gonion)
7. Gonial angle: angle between articulare, gonion, and menton.
All patients received orthodontic treatment. Surgical advancement of the mandible was 
accomplished in all patients by means of bilateral sagittal split osteotomies (BSSO). In 
8 of the LF cases, surgical advancement of the mandible was combined with a Le Fort I
osteotomy to avoid counterclockwise repositioning of the mandible. In 5 of the LF 
patients an advancement genioplasty was performed in the same session. Rigid internal 
screw fixation of the BSSO was applied in all patients with 3 bicortical positioning 
screws (2 mm diameter) at each side. All surgical procedures were performed in the 
same hospital by the same team of surgeons. The advancement achieved at surgery was 
determined on preoperative (T1) and 1-day postoperative (T2) lateral radiographs in a 
Cartesian coordinate system with S–N (the line connecting sella point and nasion) as the 

x-axis and a perpendicular line through S as the y-axis. The projection of the centroid of 
the symphysis of the mandible on both axes was used for the calculation of the horizon-
tal (Proj. C x.) and vertical (Proj. C y.) components of the displacement.
The research protocol was approved by the Medical Ethical Committee of the VU Uni-
versity Medical Center. Informed consent for their participation in this study was given 
by all patients. 
Magnetic resonance imaging protocol. 
Magnetic resonance imaging (MRI) scans were taken before orthodontic treatment and 
after completion of treatment, i.e. after removal of the orthodontic appliances. The mean 
time after surgery of the post-treatment scans was 27 months (range 10-63 months). 
MRI examinations were performed with a 1.0 T MR system (Siemens, Erlangen, Ger-
many). The patients were scanned in a supine position and with the Frankfurt Horizon-
tal plane oriented perpendicular to the scan table. The patients were instructed to close 
the teeth but to keep the jaw relaxed. Multislice sagittal T1 spin-echo sequence (TR/TE
= 700 ms/15 ms) with 4 mm thickness was obtained. Subsequently T1 spin-echo sequen-
ce (TR/TE = 700 ms/15 ms) was obtained with 4mm thickness in 3 oblique directions: 
transverse/oblique parallel to Frankfurt horizontal, coronal/oblique perpendicular to the 
myelum, and transverse/oblique 30° from the Frankfurt horizontal. Finally, a sagittal T1 
spin-echo (TR/TE = 400 ms/15 ms; image of head of the mandible with closed mouth) 
with 3 mm thickness and a sagittal mprage (with entire head; TR = 15 ms/7 ms) with 
240 mm slab thickness and 1mm effective thickness were obtained.
Following Goto et al.,27 the original MRI scans were resliced (slice thickness 3 mm) to 
obtain cross sections of the LPM as near as possible perpendicular to its main orientation 
(Figures 1 and 2).
Subsequently, segmentation of the LPM cross sections in these multiplanar reconstruc-
tions was performed using customized computer software (VISIAN, VU University, 
Department of Clinical Physics), allowing semiautomatic segmentation of structures 
at the pixel level. Two researchers carried out and agreed upon all segmentations. The 
largest CSA (cm2) of every muscle was recorded. Muscle volume was calculated by adding 
the sequential cross-sectional areas of the individual muscles, multiplied by the slice 
thickness (including the interslice gap).      
The LPM was segmented over its entire length, i.e. from the origins at the lateral ptery-
goid plate (for the lower heads of the muscles) and the infratemporal surface of the 
greater wing of the sphenoid bone (for the upper heads) to the insertions in the capsule, 
the disc and the condylar head and neck. Because the upper and lower heads of the LPM 
could be distinguished separately in only a limited amount of scans, it was decided to 
analyze this muscle as a whole. This procedure seems justified because there is evidence 
that both heads indeed constitute a single muscle.28
From the digastric muscles, only the anterior belly was segmented, because the poste-
rior bellies were poorly imaged in the MRI scans. Furthermore, it was decided to omit 
reslicing procedures, because the orientation of the DIG is reasonably parallel relative 
to both the sagittal and axial planes, although a shift in orientation was seen in some LF 

Reslicing procedure 
A.  coronal MRI scan with parasagittal (purple) and horizontal (yellow) cutting lines
B.  parasagittal scan as indicated in A 
C.   Axial scan as indicated in A in which the orientation (dashed yellow line) as well as the area of the resliced 
MRI volume is displayed. The resliced scans cut the LPM as near as possible perpendicular to its main 
orientation.
D.  Resliced (3 mm thick) MRI scan that corresponds with the dashed yellow line in C.
Fig. 1.
patients postoperatively (Fig. 3). Reslicing also caused some loss of detail of the contours, 
owing to the close proximity of the mylohyoid and geniohyoid muscles.
Statistical analysis.
The cephalometric and muscular data were statistically analyzed using SPSS 14.0 for 
Windows (SPSS Inc, Chicago, IL). 
A cluster analysis was used to divide the sample on basis of the vertical craniofacial di-
mensions. Clusters were further subdivided on basis of method of surgery. Analysis of 
variance was used to determine if the changes in CSA and volume of the LPM and DIG 
were statistically significant for the patient groups thus obtained. 

Preoperative and postoperative MRI 
scans of a patient from the long-face 
bimaxillary group and a short-face 
patient. In the upper rows, the 
midsagittal scans show the change in 
craniofacial morphology. In the mid-
dle rows, resliced scans are displayed 
showing cross sections of the lateral 
pterygoid muscles. The tracings in 
the bottom rows depict some of the 
changes in muscle size.
Fig. 2.

Preoperative and postoperative 
MRI scans of a patient from 
the long-face bimaxillary group 
(LF Bimax) and a short-face 
patient. In the upper rows, in the 
midsagittal scan of the LF Bimax 
patient, note the shift of the 
orientation of the anterior digas-
tric muscles. In the middle rows, 
coronal scans show cross sections of 
the anterior digastric muscles. The 
tracings in the bottom rows give 
an impression of the wide variety 
of the changes in muscle size.
Fig. 3.

Results. 
On the basis of the cluster analysis, a division into 2 groups was chosen. By comparing 
their cephalometric characteristics with the orthodontic norms as published in the lite-
rature for extreme LF and SF morphology,29-31 these groups were named short-face (SF, 
n = 7) and long-face (LF, n = 11). Subdivision of the LF group, based on the method 
of surgery yielded an LF BSSO (n = 3), and an LF Bimax group (n = 8). The SF group 
consisted of BSSO cases only. The cephalometric characteristics of these 3 groups are 
presented in Table 1. The horizontal and vertical components of the achieved surgical 
displacement in the 3 groups are presented in Table 2. Note that the advancement was 
largest in the LF Bimax group, and the vertical (downward) component was largest in 
the SF group. 
Table 3 lists the descriptive statistics of the mean preoperative and postoperative data of 
CSA and volume of the LPM and DIG of the 3 groups. The readings of cross-sectional 
area and volume of LPM and DIG differed frequently between left and right muscles. 
T1, one day before surgery; T2, one day after surgery;
Proj. Cx, projection of the centroid of the symphysis on the x-axis (measure of the horizontal mandibular displace-
ment); Proj. Cy, projection of the centroid of the symphysis on the y-axis (measure of the vertical mandibular 
displacement); other abbreviations as in Table 1. 
Table 2. Descriptive statistics (mean and SD) of the preoperative (T1) and postoperative 
(T2) cephalometric variables that show the horizontal as well as the vertical displacement 
of the mandible
                     SF (n = 7)                   LF BSSO(n = 3)  LF Bimax(n = 8)
    T1      T2      T2-T1         T1           T2           T2-T1             T1               T2             T2-T1
SNA (º)     80,29 (4,35)     81,40 (1,95)     -0,60 (1,52)    81,00 (1,00)     81,00 (1,73)     0,00 (2,00)    80,29 (5,38)     83,00 (6,98)     3,50 (1,91)
SNB (º)     74,14 (4,38)     78,40 (4,04)      2,80 (0,84)    72,33 (1,53)     76,33 (0,58)     4,00 (1,73)    70,43 (3,41)     74,75 (5,25)     5,25 (1,50)
ANB (º)       6,14 (1,35)       3,00 (2,35)     -3,40 (2,07)    8,67 (1,15)      4,67 (2,08)    -4,00 (1,00)      9,86 (2,61)       7,75 (2,22)   -2,25 (0,96)
Proj. Cx      41,71 (9,28)     47,10 (9,38)      1,50 (1,86)    32,00 (3,46)     37,63 (4,38)     5,63 (3,07)    29,36 (7,72)      40,63 (11,63)  10,88 (4,59)
(mm)   
Proj. Cy   104,59 (10,28)  111,71 (5,57)      6,69 (4,12)  107,50 (1,80)   111,47 (2,25)     3,97 (1,27)  112,29 (4,30)   111,63 (4,99)   -0,38 (0,48)
(mm)
SF, short-face; LF BSSO,  long-face patients treated with a bilateral sagittal split osteotomy; LF BIMAX, long-face 
patients treated with a bilateral sagittal split osteotomy and a Le Fort I osteotomy; ATFH,  anterior total face 
height; ALFH,  anterior lower face height;  PTFH,  posterior total face height; Ar, articulare; Go, gonion; Me, 
menton; Sp, spinal plane; Mp, mandibular plane. 
Table 1. Mean cephalometric characteristics from preoperative lateral radiographs 
(standard deviations between parentheses)
                                         Group
                            SF              LF BSSO             LF BIMAX
ATFH  (mm)    120,50       (8,94)    125,67    (8,14)    131,75     (6,18)
ALFH  (mm)      64,57      (9,68)      76,00    (8,54)      81,25     (5,79)
PTFH  (mm)      85,86    (12,47)      75,33    (3,95)      74,13     (3,80)
ALFH/ATFH x 100 (%)     53,29      (0,06)      60,33    (0,03)      61,75     (0,03)
PTFH/ATFH x 100 (%)     71,57      (0,11)      60,00    (0,01)      56,38     (0,02)
Ar-Go-Me (º)      112,86      (9,14)    127,67    (9,29)    129,63     (9,38)
Sp Mp (º)      14,86      (7,69)      36,00    (5,29)      38,13     (5,00)

Because no consistent pattern was found in these differences, the data from both sides 
were averaged. 
Lateral pterygoid muscle
Postoperatively, mean CSA and volume of the LPM increased in the SF and the LF 
BSSO groups. In the LF Bimax group, decrease of mean CSA and volume of the LPM 
was found. The multivariate analysis of variance was done with muscle CSA and volume 
as the dependent variables. The patient group was used as a between-subjects factor, 
although stage (preoperative and postoperative) was regarded as the within-subjects factor. 
The results of this multivariate analysis are presented in Table 4. The univariate results of 
the multivariately significant effect (stage by group) are shown in Table 5. In Table 5 it 
can be seen that the group-by-stage effect was significant for CSA as well as for volume. 
Therefore, simple stage-within-group effects were tested (Table 6). These tests demon-
strated that, on the multivariate level, significant changes with stage were present in the 
SF group. Table 7, presenting the pairwise comparisons, shows that CSA of the LPM of 
the LF Bimax group (decrease) and the volume of the LPM in the SF group (increase) 
changed significantly with stage. 
In Fig. 4 it can be seen that for LPM, CSA and volume increased or decreased in a simi-
lar way, although not all changes were significant. Note that CSA and volume of LPM 
increased in the LF BSSO group although they decreased in the LF Bimax group. 
LPM, lateral pterygoid muscle; CSA, cross-sectional area (cm2); vol, volume (cm3). DIG, anterior digastric 
muscle; other abbreviations as in Tables 1 and 2.
Table 3. Descriptive statistics (mean and SD) of the preoperative and postoperative cross-
sectional area and volume of the lateral pterygoid and the anterior digastric muscles
                        SF (n = 7)                    LF BSSO(n = 3)    LF Bimax(n = 8)
         Pre         Post       Difference %          Pre          Post Difference %            Pre             Post      Difference %
LPM,  CSA   3,65  (0,50)     3,87  (0,52)      5,85    3,29  (0,20)     3,34  (0,18)      1,51       3,88  (0,41)      3,59  (0,31)       -7,76
LPM,  vol   8,14  (1,18)     9,26  (1,33)    12,87    6,82  (0,63)     7,44  (0,33)      8,69       8,47  (0,94)      7,80  (1,32)       -8,24
DIG CSA   1,35  (0,38)     1,32  (0,24)     -2,25    1,16  (0,23)     1,04  (0,17)   -10,91       1,12  (1,15)      1,07  (0,30)       -4,57
DIG vol   2,71  (0,85)     2,74  (0,68)      1,10    1,91  (0,21)     1,89  (0,23)     -1,05       1,77  (0,30)      1,86  (0,61)        4,96
 
Table 4. Multivariate Tests
                  Effect        F    Sig.
Between subjects  Intercept  649,886  0,000
    group      1,352  0,276
Within subjects  stage      2,684  0,103
    stage by group    2,972  0,036
 
Abbreviations as in Table 3. 
Table 5. Univariate Tests
       Source   Measure      F    Sig.
Stage by group  CSA  4,633  0,027
    volume  7,653  0,005

Anterior digastric muscle
A large dispersion of increases, from CSA up to 36,8%, volume up to 78,5% and decreas-
es from CSA up to 92,1% and volume up to 71,9% was seen throughout the 3 groups. 
General linear models revealed that changes of CSA and volume of DIG were all not 
significant. Mean changes of CSA and volume between the preoperative and postopera-
tive measuring moments were negligible (Figure 4). 
Discussion.
This study showed a significant increase in size (volume, 12,9%) of the LPM in the 
SF group and a significant decrease (CSA, 8,2%) in the LF Bimax group after surgical 
mandibular advancement procedures. Note that the LF subjects that were treated with 
BSSO only showed also a considerable increase in size (volume, 8,7%) of the LPM. It is 
unlikely that these changes were still temporary effects on the muscles caused by the sur-
gical procedure or the orthodontic treatment. The postoperative MRI scans were made 
10 to 63 months after treatment and after removal of the orthodontic appliances. Chan-
ges in the musculature that are still measurable after an average postoperative period of 
27 months are most likely of a permanent character. The time span between the surgery 
and the postoperative MRI and the amount of increase or decline of CSA and volume 
were not correlated in the present sample. Therefore, neither a progressive decline nor 
an in-time repair process could be demonstrated. An aging effect on the muscle mass 
could not be ascertained, because it would consist of decline of muscle size only. It would 
probably be limited in the time span of 1 to 5 years, particularly in a group of healthy 
subjects aged 45 years and under.32-34 
With caution, we may assume that surgical mandibular advancement procedures had a 
positive effect on the strength of LPM in both the SF and the LF BSSO group, whereas 
in the LF Bimax group the strength of LPM decreased. Because surgical strategy seems 
to have a profound impact on the size (and probably the attachment areas) of the jaw-
opening muscles, it is challenging to relate these findings to the proposed scenarios. This 
Abbreviations as in Tables 1-3.
Table 7. Pairwise Comparisons for LPM
Measure    Group Mean difference pre versus post                Std. Error   Sig.
CSA  LF Bimax    0,285   0,114  0,025
   LF BSSO  
 
-0,046   0,187  0,810
             SF   -0,219   0,122  0,094
Vol  LF Bimax   0,665   0,319  0,055
   LF BSSO  -0,620   0,521  0,253
             SF   -1,124   0,341  0,005
Abbreviations as in Table 1.
Table 6. Multivariate Tests for simple stage-within-group effects
Group        F     Sig.
 LF  Bimax    2,951    0,085
 LF  BSSO    1,087    0,364
 SF      5,531    0,017

will be done for the LPM and DIG separately.
Lateral pterygoid muscles
For the LF Bimax group, scenarios 2, 3b, and 4b may be valid. Scenario 2 suggests a 
proportional relationship between the change in size of the jaw-closing and -opening 
muscles. It is questionable if this scenario applies, because this effect is not noticeable in 
the SF and LF BSSO groups. Scenario 3b suggests that the decrease in size of the LPM 
can be attributed to an unfavorable change in opening mechanics of the mandible. For 
instance, counterclockwise rotation of the ramus, which can mount up to 6,7 degrees,26 
will influence the geometry of the LPM and will probably induce adaptation. Further-
more, it is feasible that surgical maxillary impaction will influence the attachment of the 
LPM at the lateral pterygoid plate. (Reduction of the size of LPM may therefore be a 
mere sequel to the Le Fort I osteotomy. Because a control group with only Le Fort I os-
teotomies is unavailable, no definitive comments can be made on this matter.)  Although 
Change in muscle cross-sectional area (CSA) and volume in stage in the short-face, the long-face BSSO and 
the long-face bimaxillary (Bimax) groups. Note that the mean change in the CSA and volume of the DIG is 
negligible. LPM, lateral pterygoid muscles; DIG, anterior digastric muscles.
   Fig. 4.
CSA DIG
Volume DIG

our findings suggest a permanent negative adaptation of the function of the LPM in the 
LF Bimax group, Zarrinkelk et al.35 found an initial decrease in the range of mandibular 
motion in a group of 15 LF patients with bimaxillary surgery that gradually returned to 
preoperative values within 6 months. 
Scenario 4b suggests a decrease in muscle size due to a favorable change in form. This 
scenario may be valid since it has been put forward that the mandible’s diagonal length 
is a primary determinant of its mass properties.36 Because the mandible is advanced more 
in LF patients, the moment arms of both the gravitational (opening) vector and the jaw 
openers are increased in this group. Therefore, it is likely that less muscle force is needed 
to open the mandible.
For the SF and the LF BSSO groups, scenarios 3a and 4a may apply. Support for sce-
nario 3a comes from our observation that owing to the surgery the occlusal platform 
is advanced anteriorly. Due to anterior repositioning of the tooth-bearing area of the 
mandible, it is likely that grinding of food particles will require more force.  Therefore, 
the lateral pterygoid muscles have to increase in strength. However, it is doubtful if this 
scenario is appropriate because this effect is not present in the LF Bimax group.
The findings in the SF and LF BSSO groups may also support scenario 4a and point to 
an improvement of the jaw (opening) function.11 Most of the patients in these groups 
had a deep bite deformity preoperatively and may have had restrictions of the grinding 
movements of the chewing process. Normalization of the occlusion in combination with 
a raise of the bite may have facilitated a chewing process with improved translational 
movements. This may have allowed the LPM to increase in size. Some support for this 
scenario comes from a study that analyzed the influence of mandibular advancement 
surgery on chewing performance, although improvement of chewing performance was 
not measurable earlier than 5 years after surgery.37
In summary, with respect to the LPM scenario 3b and 4b apply best for the LF Bimax 
group, whereas scenario 4a seems the most suitable for the SF and LF BSSO groups.
Individual increases of CSA and volume of LPM as seen in the LF BSSO group could 
be of importance, because in this patient category counterclockwise repositioning of 
the mandible easily occurs. This rotational movement of the mandible has been con-
sidered an important etiologic factor of relapse.1,38 However, owing to the small size of 
the present sample of patients treated with a BSSO without a Le Fort I osteotomy, no 
conclusions can be drawn about whether an increase in size of the LPM can be related 
to an increased risk for relapse. 
Anterior digastric muscles
Only scenario 1 seems applicable to the DIG. This conclusion, however, has to be made 
with utmost caution, because we found a large variation in individual increases and de-
creases of both CSA and volume. (Fig. 3). 
In 5 patients, a genioplasty was performed that induced an extra increase in muscle 
length on top of the increase due to the advancement. Theoretically, in those cases in 
which the muscles are considerably stretched, it is likely that initially muscle volume will 
remain similar but CSA will decline. Because no consistent pattern could be observed 
between change in CSA and change in volume, and owing to the prolonged time span 
between surgery and the postoperative MRI scans, we were unable to identify a uniform 
stretch effect of the DIG.

It is possible that the increases of CSA and volume of DIG as found in some of the LF 
patients have influenced the amount of remodelling in the TMJ and therefore, relapse. 
Although the elongation (stretching) of the digastric muscles is supposed to have an ad-
verse effect on the stability of the results of mandibular advancement surgery,20,39 clinical 
evidence that suprahyoidal myotomy is capable to prevent relapse is absent.40,41 
Research into the adaptation of the spatial orientation of the jaw-opening and jaw-clo-
sing muscles when combined with the data regarding their adaptation in size could 
provide further insight in the relapse process.
Conclusions.
1.   After surgical mandibular advancement, the volume of the LPM increased signifi-
cantly in SF patients.  
2.   In LF patients that were treated with bimaxillary surgery, the CSA of the LPM be-
came significantly smaller.
3.   The surgical therapy seemed to be an important factor in determining the degree of 
adaptation in patients with different vertical craniofacial dimensions. 
4.   Adaptation of the DIG was highly variable and showed no consistent pattern. 

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Abstract 
This study evaluated whether surgical mandibular advancement procedures induced a 
change in the direction and the moment arms of the masseter (MAS) and medial ptery-
goid (MPM) muscles. 
Sixteen adult patients participated in this study. The sample was divided in two groups: 
Group I (n = 8) with a mandibular plane angle (mpa) <39° and Group II (n = 8) with an 
mpa >39°. Group I patients were treated with a bilateral sagittal split osteotomy (BSSO). 
Those in Group II were treated with a BSSO combined with a Le Fort I osteotomy. 
Pre- and postoperative direction and moment arms of MAS and MPM were compared 
in these groups. Postsurgically, MAS and MPM in Group II showed a significantly more 
vertical direction in the sagittal plane. Changes of direction in the frontal plane and 
changes of moment arms were insignificant in both groups.
This study demonstrated that bimaxillary surgery in patients in patients with an 
mpa >39° leads to a significant change of direction of MAS and MPM in the sagittal 
plane. 

Introduction 
Research in orthognatic surgery has largely been focused on skeletal changes and their 
stability and to a lesser degree on soft tissue changes. Little attention has been paid to 
the effect of changes that occur in the mastication muscles, as a result of these skele-
tal changes. These changes may be significant as shown in two previous studies.1,2 The 
biomechanical performance of these muscles depends on the overall muscle size,3-6 the 
intrinsic muscle strength,7-10 the direction and the moment arm of the muscles11,12and 
the innervations responsible for motor programming and coactivation strategies.13,14 
One previous study showed that there was a significant reduction in the cross-sectional 
area and volume of the masseter (MAS) and medial pterygoid (MPM) muscles after ad-
vancement bilateral sagittal split osteotomies (BSSO’s), both in patients with a short and 
long face.1 This decrease in cross-sectional area and volume was still present 18 (10-48) 
months after surgery and is likely to be permanent. One would expect a weakening of 
masticatory performance unless a change in direction of these muscles compensates for 
this loss. 
In theory, relocation of the proximal segments of the mandible after a BSSO changes the 
position of the insertions of both the MAS and MPM, as mentioned by Finn et al.15 and 
Throckmorton et al.16 This is particularly true in cases of mandibular advancement used 
to treat mandibular hypoplasia.17-21
It may be that the direction and moment arms of MAS and MPM change to such an 
extent that the muscles can be more effective when chewing. It is the aim of this study 
to analyse and quantify the postoperative changes of the direction and moment arms of 
MAS and MPM. 
Material and methods
Sixteen patients (8 males and 8 females) with mandibular hypoplasia were included in 
this study. Their age ranged from 16 to 45 years (average 27 years). All patients were 
orthodontically treated pre- and postoperatively. Eight of the patients had a mandibular 
plane angle (mpa) (sella-nasion S-N) to gonion-menton (Go-Me)) of <39° (Group I), 
while in eight this angle was >39° (Group II). All patients underwent a BSSO to advance 
the mandible; in eight of them a Le Fort I type osteotomy was performed with posterior 
intrusion to avoid counterclockwise rotation of the mandible. In five of these patients an 
additional genioplasty was carried out. Fixation was achieved by three bicortical position 
screws per side. Patients were allowed to open and close their mouth immediately after 
surgery. Each surgery was performed by the same team of surgeons at one hospital. 
MRI examination was performed prior to orthodontic treatment and after completion 
of treatment (i.e. after removal of the orthodontic appliances). The mean time after 
surgery of the post treatment examination was 28 months (range 10-63 months). MRI 
examinations were performed with a 1.0 T MR system (Siemens, Erlangen, Germany). 
The patients were scanned in a supine position and with the Frankfurt Horizontal plane 
oriented perpendicular to the scan table. The patients were instructed to close the teeth 
without clenching. Axial images were obtained with a multislice T1 spin-echo sequence 
(TR/TE=700 ms/15 ms) with 5 mm thickness. Sagittal images were made with the same 

sequence, with 4 mm slice thickness.   Images parallel to the right and left ascending ra-
mus of the mandible were made with oblique sagittal multislice T1 spin-echo sequences 
(TR/TE 400 ms/15 ms) with 3 mm thickness. 
When the patient’s head in the pre- and postoperative MRI examinations showed a dif-
ferent position, the angle between the S-N line and the axial scan plane was compared in 
the pre- and postoperative midsagittal image. The difference between the pre- and post- 
operative values of this angle was used to align the axial scan plane in the preoperative and 
the postoperative midsagittal image to correctly superimpose both images on S-N.22,23
Cephalometrics
Craniofacial morphology was assessed on preoperative lateral cephalographs. These were 
digitized with Viewbox ® software (dHal software, Kifissia, Greece).  Apart from as-
sisting in the diagnosis of the skeletal deformity, the cephalometric analysis was mainly 
used to calculate the mandibular plane angle (i.e. S-N to Go-Me).
Fig. 1.
Sagittal rotation of the proximal segment. Preoperative images are shown in the upper row, postoperative 
images in the lower row. The midsagittal T1 weighted images are shown in the left column. T1weighted 
oblique sagittal images through the condyle parallel to the mandibular ramus are shown in the central and 
the right column. Pre, preoperative; Post, postoperative; R, right; L, left. The horizontal line at the top of 
each scan represents the axial scan plane. The S-N line is depicted in the midsagittal images.     

Segmentations of cross sections of MAS and MPM in sequential MRI slices of a patient from Group I are 
presented in the upper part of the illustration. The lower part of the illustration depicts the reconstructions 
and the centroid lines seen from the right. P, posterior; A, anterior.    
Fig. 2.a Group I
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Segmentations of cross sections of MAS and MPM in sequential MRI slices of a patient from Group II are 
presented in the upper part of the illustration. The lower part of the illustration depicts the reconstructions 
and the centroid lines seen from the right. P, posterior; A, anterior.    
Fig. 2.b Group II
Calculating advancement at surgery
The amount of mandibular advancement achieved at surgery was determined on lateral 
cephalographs taken preoperatively and 1 day postoperatively. For this purpose, a Carte-
sian coordinate system with S-N as the horizontal axis and a perpendicular line through 
S as the vertical axis was applied. The projection of the centroid of the mandibular 
symphysis on both axes was used to calculate the horizontal and vertical components of 
the changes achieved. 

Calculating sagittal rotation of proximal segments 
Sagittal rotation of the proximal segments was assessed by measuring the difference of 
the angle between the axial scan plane and the tangent to the dorsal side of the ascending 
ramus on pre- and postoperative oblique sagittal MRI series (Fig. 1). The use of MRI for 
this purpose allowed the measurement of rotation of left and right proximal segments 
separately.
Calculating muscle direction and moment arms
The contours of the cross sections of MAS and MPM were outlined in the axial MRI 
series with customized computer software (VISIAN, VU University, Dept. of Clinical 
Physics), allowing semi automatic segmentation of structures on pixel level. The cen-
troids of the segmentations of the medial pterygoid muscle and the masseter muscle 
were used to estimate the muscle direction as described by Koolstra et al.24 The muscle 
direction was assumed to coincide with the principal direction of its reconstructed shape 
(Fig. 2a and b). This calculation was performed in a Cartesian coordinate system with its 
origin located in the right condyle (i.e. the centre of the uppermost MRI slice in which 
the condyle was visible). The sagittal axis (X) of the system was directed anteriorly and 
parallel to the axial scan plane, the transversal axis (Y) was directed to the left of the 
Cartesian coordinate system with its origin located in the right condyle. The angles between the projection of the 
centroid line of MAS and MPM and the Z axis on the sagittal and the frontal plane were used to define sagittal 
and frontal muscle direction.
  Fig. 3.
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condyle and the vertical axis (Z) was direc-
ted cranially (Fig. 3). The direction of the 
muscles in the sagittal plane was quantified 
by the angle between the projection of the 
centroid line and the vertical axis on the sa-
gittal plane. 
The direction in the frontal plane was cal-
culated using the angle between the projec-
tion of the centroid line and the vertical axis 
on the frontal plane. The sagittal and fron-
tal moment arms were defined as the per-
pendicular distance from the projection of 
the origin in the right condyle to the projec-
tion of the centroid lines on the sagittal and 
frontal planes respectively (Fig. 4a and b).
Statistical analysis
The data were analysed statistically with 
SPSS 16.0 for windows (SPSS Inc., Chica-
go, IL, USA). Analysis of variance was used 
to determine if the changes of direction and 
moment arms of MAS and MPM were sig-
nificant in the two groups.
Results 
In almost all patients the proximal seg-
ments had been rotated anteriorly after sur-
gery. An example of this anterior rotation is 
shown in Fig. 1. The extent of this anterior 
rotation differed between the two groups. 
This is illustrated in Fig. 5 which also shows 
the change of the direction of MAS and 
MPM in the two groups. The more vertical 
postoperative direction of MAS and MPM 
in the sagittal plane as seen in group II ap-
peared to correspond to the anterior rota-
tion of the proximal segments. The almost 
identical declination of the sagittal angle of 
both the ramus and the muscles (Fig. 5) il-
lustrates this.
Descriptive statistics
Table 1 presents the cephalometric charac-
teristics of both groups and the horizontal 
and vertical components of the advance-
ment of the mandible. 
Centroid lines (yellow) of right MAS and MPM and 
sagittal moment arm of right MAS (a) and frontal 
moment arms of right MAS and MPM (b).
  Fig. 4.
a
b
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Table 2 presents the descriptive statistics of the rotation of the proximal segments in 
the sagittal plane and the mean pre- and postoperative values of the sagittal and frontal 
angles of the centroid lines of MAS and MPM. Table 2 also presents the pre- and post-
operative sagittal moment arms of MAS and MPM. 
Analysis of variance was done with the angle of the muscles as the dependent variable. 
Groups (I and II) were a between subjects factor. Direction (sagittal, frontal), muscle 
(MAS, MPM), side (right, left) and stage (pre-, postoperatively) were within subjects 
factors. This analysis demonstrated that significant changes occurred only in Group II. 
These changes were further explored with pairwise comparisons. This analysis showed a 
significant change of the sagittal angles of right and left MAS and MPM (Table 3). This 
meant that the sagittal angles of MAS and MPM became significantly smaller. 
In Fig. 5 the mean changes of the sagittal and frontal angles of the centroid lines are 
shown, the readings of the right and left sides were averaged. Note that only the readings 
for the sagittal angles for Group II were significant. In Fig. 6 the anterior rotation of the 
proximal segment and change of direction of the right MAS is shown. Note that the 
Mean change of the angle of the proximal segment to the Frankfurt Horizontal plane (ramus) and mean change 
of the centroid lines of MAS and MPM in the sagittal and the frontal plane in both groups. Data from right 
and left sides were avaraged. Note that only the sagittal changes in Group II were significant.  
  Fig. 5.
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changes in muscle direction were significant in Group II only.
Moment arms
Analyses of variance with the sagittal moment arms and the pre post differences of the 
frontal moment arms as the dependent variables were performed successively. On aver-
age, the sagittal and frontal moment arms did not change after surgery.
Discussion
This study showed that directional changes in a sagittal plane of the MAS and MPM 
only occurred in the group with mpa’s >39°. These patients were all treated with bimaxil-
lary surgery. In the patients with a mpa of <39° no significant changes occurred. This 
finding can be attributed to the upward rotation of the proximal segments in patients 
with a tendency to long face.19,20 In this study, upward rotation occurred to a lesser 
degree in patients with a tendency of short face. This finding differs from the results of 
Mobarak et al.,25 who found a slightly larger upward rotation in patients with short face. 
The directional changes described and the changes that occur in the cross-sectional areas 
and volumes of these muscles, as described previously,1 suggest that significant changes 
in muscle action occur after surgical mandibular advancement. Whether these muscle 
changes in patients with mandibular hypoplasia have clinical significance remains to be 
investigated. For this reason, masticatory function should be measured, for instance, by 
the method used by Van den Braber et al.26 They carried out a study on 11 patients with 
mandibular hypoplasia but did not mention the mpa. In their patients, 1 year and 5 
years after surgery, no significant change in maximum bite force was observed.26,27 
The present data were collected after an average postoperative period of 28 months. The 
results might change in the long term.
The cut off point between the two groups, related to the mpa of 39°, was arbitrarily 
chosen. It was thought that a patient with a mpa of 40° or more should be considered as 
ATFH, anterior total face height (nasion-menton); ALFH, anterior lower face height (anterior nasal spine-
menton); PTFH, posterior total face height (sella point-gonion); Ar, articulare; Go, gonion; Me, menton; Sp, 
spinal plane (anterior nasal spine-posterior nasal spine)
Table 1. Mean cephalometric characteristics on preoperative lateral radiographs. 
Mean horizontal and vertical advancement on 1 day postoperative lateral radiographs 
(standard deviations between parentheses)
               Group I          Group II
SNA (°)      80,65   (4,16)    77,98 (4,91)
SNB (°)      74,54   (4,20)    69,10 (2,76)
ANB (°)        6,11   (1,25)      8,88 (3,00)
ATFH  (mm)     120,63   (8,28)  131,38 (6,32)
ALFH  (mm)       65,84   (9,71)    80,18 (6,18)
PTFH  (mm)       86,43 (11,67)    74,45 (3,80)
ALFH/ATFH x 100 (%)      54,45   (6,00)    61,00 (2,96)
PTFH/ATFH x 100 (%)      71,83 (10,35)    57,17 (1,50)
Ar-Go-Me (º)    112,96   (8,46)  129,24 (9,43)
Sp Go-Me (º)      15,73   (7,53)    38,00 (5,04)
S-N Go-Me (°)     23,09 (10,63)    45,78 (3,31)
    
Horizontal advancement (mm)      2,29   (2,20)      9,08 (2,85)
Vertical advancement (mm)      6,63   (4,43)     -0,01 (1,93)
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having a long face28 which often requires bimaxillary surgery to avoid counterclockwise 
rotation of the mandible.29 This was borne out in this patient sample.
Although the results of this study were statistically supported, the study sample is rather 
small. This is particularly true for the group of patients with a mpa <39°, where the 
changes noted were not significant. The software used in the period of this investigation 
did not allow for automatic superimposition of the pre- and postoperative MRI’s. This 
may have caused inaccuracies, but probably not of a significant level.
Two studies are comparable to the present study. Katsumata et al. found a reduction of 
cross-sectional area and an anterior tilt of the MAS muscles, three months after a man-
dibular set-back using a BSSO, in a group of 17 patients.30 Ueki et al. found no chan-
ges in cross-sectional area and direction of the MAS muscles in 26 patients, who had 
undergone a BSSO set-back.31 Their measurements were done 1 year after surgery. To 
the best of the authors’ knowledge, no similar studies have been carried out on patients 
undergoing an advancement BSSO to treat mandibular hypoplasia.
In conclusion, this study proved that directional changes of the MAS and MPM occur in 
patients with mandibular hypoplasia and a mpa >39, corrected by BSSO advancement 
mpa, mandibular plane angle: angle of sella- nasion line to the gonion-menton line; ramus, angle of tangent to 
ramus to Frankfurt Horizontal; R, right; L, left.
Table 2. Descriptive statistics (mean and SD) of pre- and postoperative direction and 
moment arms of MAS and MPM. 
               Group I, mpa <39° (n = 8)                                 Group II, mpa >39° (n = 8)
  
        Pre          Post            Diff (mm)  Pre       Post             Diff (mm)
   
sagittal direction (°)
Ramus R  78,2  (8,0)         76,1  (7,1)        -2,1  (2,4)          85,4  (4,1)          80,1  (5,2)            -5,3  (2,4)
Ramus L  76,4  (5,1)      75,1  (4,7)        -1,3  (2,1)          84,1  (5,6)          78,1  (4,9)            -6,0  (4,9)
MAS R  10,5  (10,2)      14,4  (7,8)          3,9  (4,6)          21,7  (6,3)          11,8  (6,6)            -9,9  (4,7)
MAS L  13,4  (12,6)      14,8  (9,9)         1,4  (5,4)          20,0  (5,1)          11,7  (5,6)            -8,3  (2,6)
MPM R  15,9  (10,5)      17,6  (10,5)        1,7  (6,2)          27,2  (10,3)        17,3  (9,6)            -9,9  (4,6)
MPM L  18,3  (12,7)      17,3  (10,7)      -1,0  (5,7)          28,3  (8,8)          18,9  (7,7)            -9,4  (5,6)
           
sagittal moment arm (mm)    
MAS R  31,1  (2,0)        32,6  (1,9)          1,5  (1,0)          29,1  (2,3)   29,8  (2,8)             0,7  (2,6)
MAS L  33,3  (2,1)        33,2  (3,0)        -0,1  (2,5)          29,1  (2,4)   29,6  (3,1)             0,5  (1,8)
MPM R  22,5  (2,5)        23,6  (2,9)          1,1  (2,5)          21,4  (4,3)   23,6  (3,2)             2,2  (2,5)
MPM L  25,2  (2,8)        24,7  (2,1)        -0,5  (2,7)          22,5  (4,0)   22,9  (4,2)             0,4  (2,4)
           
frontal direction (°)    
MAS R    4,1  (3,0)        3,0  (4,1)        -1,1  (1,3)            5,6  (3,1)     4,4  (3,6)            -1,2  (3,4)
MAS L    3,9  (2,2)        3,6  (2,1)        -0,3  (1,5)            5,4  (3,6)     4,6  (4,3)            -0,8  (2,8)
MPM R  23,5  (3,6)      26,4  (5,5)         2,9  (3,7)          27,2  (6,6)   31,2  (5,6)             4,0  (4,8)
MPM L  25,7  (4,2)      25,5  (3,8)        -0,2  (2,0)          27,9  (5,6)   30,7  (7,3)             2,8  (6,1)
           
frontal moment arm (mm)    
MAS R    2,7  (2,3)        1,7  (1,2)        -1,0  (1,8)            2,4  (1,9)     3,1  (1,3)             0,7  (2,1)
MAS L                   104,1  (4,7)    106,9  (3,3)         2,8  (2,2)        100,5  (5,0) 100,3  (4,8)            -0,2  (1,8)
MPM  R  30,6  (1,8)      32,7  (1,9)         2,1  (0,8)          31,3  (3,5)   32,0  (2,8)             0,7  (3,2)
MPM L  61,5  (7,4)      62,7  (5,8)         1,2  (3,0)          56,7  (7,9)   53,7  (9,0)            -3,0  (6,0)

Table 3.  Pairwise stage within direction within group comparisons by side 
MAS and MPM
Group                 Direction                         Stage                                     Side Diff.(°)  Sig.
Group I  sagittal  post minus pre  right  2,82   0,05
       left  0,18   0,90
  frontal  post minus pre  right -1,34   0,12
       left -0,24   0,59
Group II  sagittal  post minus pre  right -9,90   0.00
       left -8,82   0,00
  frontal  post minus pre  right -1,36   0,28
       left  1,00   0,44
Pairwise stage within direction within group comparisons by side MAS
Group II  sagittal  post minus pre  right -9,89   0,00
       left -8,27   0,00
Pairwise stage within direction within group comparisons by side MPM
Group II  sagittal  post minus pre  right -9,91   0,00
       left -9,37   0,00
MAS, masseter muscle; MPM, medial pterygoid muscle; Group I, mandibular plane angle <39°; Group II, 
mandibular plane angle >39°; Diff. (°), difference; Sig. significance.
and a Le Fort I osteotomy with posterior intrusion. The clinical significance is yet to be 
determined. 
  Fig. 6.
Anterior rotation of proximal segment and change of direction of the right masseter muscle in Group I (a) and 
Group II (b). Note that the changes in muscle direction were significant in Group II only.
a b
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Abstract
This study analysed the effects of change of direction of masseter (MAS) and medial 
pterygoid muscles (MPM) and changes of moment arms of MAS, MPM and bite force 
on static and dynamic loading of the condyles after surgical mandibular advancement. 
Rotations of the condyles were assessed on axial MRI’s.
16 adult patients with mandibular hypoplasia were studied. The mandibular plane an-
gle (mpa) was <39° in Group I (n = 8) and >39° in Group II (n = 8). All mandibles 
were advanced with a bilateral sagittal split osteotomy (BSSO). In Group II, BSSO was 
combined with a Le Fort I osteotomy. Pre and postoperative moment arms of MAS, 
MPM and bite force were used in a two-dimensional model to assess static loading of 
the condyles. Pre and postoperative data on muscle cross-sectional area, volume and di-
rection were introduced in three-dimensional dynamic models of the masticatory system 
to assess the loading of the condyles during opening and closing. Postsurgically, small 
increases of static condylar loading were calculated. Dynamic loading decreased slightly. 
Minor rotations of the condyles were observed. The results of this study do not support 
the idea that increased postoperative condylar loading is a serious cause for condylar 
resorption or relapse.

Introduction
Surgical mandibular advancement procedures may give rise to condylar remodelling 
and condylar resorption, with subsequent skeletal relapse. Patients with a long face, in 
particular females, are more prone for this to happen than those with a short face.1-4 A 
postoperative change in the loading of the temporomandibular joint (TMJ) may be a 
reason for these degenerative changes of the condyle.2,5-9 TMJ loading depends largely on 
the magnitude, moment arm and direction of jaw muscle force and bite force.10 In this 
context it is remarkable that, in studies on the possible causes of relapse, postoperative 
changes of the masticatory muscles are hardly mentioned. Two previous studies have 
demonstrated that, in long face patients, significant changes occur in cross-sectional area 
and volume, and in the main directions of the masseter (MAS) and medial pterygoid 
muscles (MPM) after surgical mandibular advancement procedures.11,12 
It is also likely that the positional changes of the condyle, which occur after mandibu-
lar advancement surgery,13-18 cause previously unloaded parts of the condyle to become 
loaded as suggested by Hwang et al.19 This could make the condyle more prone to re-
sorption.
The aims of this study were to analyse the effects of change of direction of MAS and 
MPM and the changes of moment arms of MAS, MPM and bite force on static and 
dynamic forces on the TMJ and to quantify the positional changes of the condyle.
Material and methods.
16 patients (8 males; 8 females) with mandibular hypoplasia were included in this study. 
The average age of the patients at the time of surgery was 27 years (range: 16-45 years). 
None of the patients showed marked facial asymmetry or had signs or symptoms of TMJ 
dysfunction. Eight patients had a mandibular plane angle (mpa) (sella- nasion (S–N) 
to gonion-menton (Go-Me) of less than 39° (Group I). The other 8 patients had an 
mpa of 39° or more (Group II). All patients had orthodontic treatment before and after 
surgery. To advance the mandible, a bilateral sagittal split osteotomy (BSSO) with the 
modification according to Hunsuck and Dal Pont, was carried out in all patients. Three 
bicortical positioning screws on each side were used for fixation and intermaxillary fixa-
tion was not used. All patients were allowed to open and close the jaw immediately after 
surgery. In Group II patients a Le Fort osteotomy with posterior intrusion was carried 
out, to avoid counterclockwise rotation of the mandible. In five of these patients an ad-
ditional advancement genioplasty was done. All surgical procedures were carried out in 
one hospital by the same team of surgeons. Informed consent for participation in this 
study was given by all patients. Patients in this study participated in previous studies 
on size and direction of jaw-opening and jaw-closing muscles before and after surgical 
mandibular advancement.11,12,20
Magnetic resonance imaging protocol. 
Magnetic Resonance Images (MRI’s) were taken prior to orthodontic treatment and 
after completion of treatment (i.e. after removal of the orthodontic appliances). The 
mean time lapse, after surgery, for the post treatment scans was 28 months (range 10-63 
months). MRI examinations were performed with a 1.0 T MR system (Siemens, Erlan-
gen, Germany). The patients were scanned in a supine position with the Frankfurt Hori-
zontal plane (FH) oriented perpendicular to the scan table. The patients were instructed 
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to close the teeth but to avoid clenching. Axial images were made with a multislice T1 
spin-echo sequence (TR/TE=700ms/15ms) with 5 mm thickness and 1.25 mm inter-
slice gap. Sagittal and coronal imaging was performed in the same sequence with 4 mm 
thickness and 1 mm interslice gap. Images parallel to the right and left ascending ramus 
of the mandible were made with oblique sagittal multislice T1 spin-echo sequences (TR/
TE 400 ms/15 ms) with 3 mm thickness and 1 mm interslice gap. 
Cephalometrics
Craniofacial morphology was assessed on preoperative lateral cephalographs digitized 
with Viewbox ® software (dHal software, Kifissia, Greece). The cephalometric analysis 
was used to calculate the mpa (S-N to Go-Me) and assisted in the diagnosis of the ske-
letal deformity.
Mandibular advancement and sagittal rotation of the proximal segments
The advancement achieved at surgery and the sagittal rotation of the proximal segments 
were presented in a previous paper.12 
Sagittal rotation of the proximal segment. The tangent to the ascending ramus is drawn in the T1weighted 
oblique sagittal images through the condyle parallel to the mandibular ramus. The horizontal line at the top of 
the image represents the axial scan plane.
  Fig. 1.

Axial view of the mandible. b, the angle between the tangent to the inferior border of the ascending ramus 
(proximal segment). g, the angle between the condylar axis and the sagittal plane. ICA, intercondylar angle.
  Fig. 2.
In short, the advancement achieved at surgery was determined on preoperative (T1) and 
1day postoperative (T2) lateral radiographs in a cartesian coordinate system with S–N 
as the X-axis and a perpendicular line through S as the Y-axis. The projection of the 
centroid of the symphysis of the mandible on both axes was used for the calculation of 

the horizontal and vertical components of the advancement. 
The sagittal rotation of the proximal segments was defined as the difference between the 
pre- and postoperative angle between the tangent to the dorsal side of the ramus and the 
axial scan plane (Fig. 1).
Calculation of the angle of the condyle to the sagittal plane.
The angle of the long axis of the condyle and the angle of the tangent to the ramus to the 
sagittal plane were measured in pre- and postoperative axial images (Fig. 2). 
Calculation of the mechanical advantage.
The moment arm of the bite force was measured in the oblique sagittal images parallel 
Moment arm of the bite force. The moment arm of the bite force was drawn in the T1weighted oblique sagittal 
images through the condyle parallel to the mandibular ramus at the level of the first lower molar.
  Fig. 3.

Two-dimensional static model with the vectors of the masseter (Fmas), medial pterygoid muscle (Fmpm), their 
resultant (Fres), bite force (Fb) and joint reaction force (Fj). a, the angle between the force vectors (direction) of 
masseter and medial pterygoid muscle. h, height of the parallellogram of forces.
  Fig. 4.

to the ramus (Fig. 3). To estimate the direction (vector) of the bite force, a line perpen-
dicular to the occlusal plane was drawn at the level of the right and left first lower molar. 
The moment arm of the bite force was calculated as the distance from the top of the 
ipsilateral condyle to this bite force line (Figures 3 and 4).
The results for the calculations of moment arms of MAS and MPM were reported in 
a previous study on the same patient sample.12 In short, in a projection on the sagittal 
plane, the distance from the top of the right condyle to a line representing the main 
direction of the muscle was calculated (Fig. 5).
The mechanical advantage was defined as the ratio between the moment arm of the 
muscle and the moment arm of the bite force.21
Forces on condyle articulating surface during mouth opening
The pre- and postoperative coordinates determining the direction of MAS, MPM, the 
lateral pterygoid (LPM) and anterior digastric muscles (DIG) were imported into bio-
mechanical models of the human masticatory system.22 Two models were used, one re-
presenting Group I and one representing Group II. Together with the imported data on 
muscle cross-sectional area and volume this allowed an assessment of the forces on the 
condyle during jaw opening and closing movement to be made (Fig. 6). The assessment 
was based on pre- and postoperative models. The imported data on the main direction 
of MAS and MPM were derived from a previous study on the same patient sample.12
Results
The pre- and postoperative cephalometric characteristics are shown in Table 1.
The sagittal direction, the mean sagittal moment arms of MAS and MPM and the me-
chanical advantage of MAS and MPM are given in Table 2. This table also shows the 
anterior rotation of the ramus, the axial rotation of the tangent to the ramus and the axial 
rotation of the condyle.
Mean horizontal and vertical advancement on 1 day postoperative lateral radiographs (standard deviations 
between parentheses). ATFH, anterior total face height (nasion-menton); ALFH, anterior lower face height (an-
terior nasal spine-menton); PTFH, posterior total face height (sella point-gonion); Ar, articulare; Go, gonion; Me, 
menton; Sp, spinal plane (anterior nasal spine-posterior nasal spine)
Table 1. Mean cephalometric characteristics on preoperative lateral radiographs.
    Group I    Group II
   
SNA (°)     80,65    (4,16)    77,98  (4,91)
SNB (°)     74,54    (4,20)    69,10  (2,76)
ANB (°)       6,11    (1,25)      8,88  (3,00)
ATFH  (mm)    120,63    (8,28)  131,38  (6,32)
ALFH  (mm)      65,84    (9,71)    80,18  (6,18)
PTFH  (mm)      86,43  (11,67)    74,45  (3,80)
ALFH/ATFH x 100 (%)     54,45    (6,00)    61,00  (2,96)
PTFH/ATFH x 100 (%)     71,83  (10,35)    57,17  (1,50)
Ar-Go-Me (º)   112,96    (8,46)  129,24  (9,43)
Sp Go-Me (º)     15,73    (7,53)    38,00  (5,04)
S-N Go-Me (°)    23,09  (10,63)    45,78  (3,31)
    
Horizontal advancement (mm)     2,29    (2,20)      9,08  (2,85)
Vertical advancement (mm)     6,63    (4,43)     -0,01  (1,93)

Sagittal main direction (yellow) and sagittal moment arm of the right masseter muscle.
  Fig. 5.

To estimate the contribution of MAS and MPM to static bite force, the moment arm 
of the bite force and the moment arms of MAS and MPM were introduced in a simple 
two-dimensional model (Fig 3). The mean data for right and left sides were averaged 
(seeTable 2). As an example, it was assumed that the bite force needed (e.g. for cracking 
a nut) was 100 N and that this bite force was produced in equal portions by MAS and 
MPM. In Group I, the moment of the bite force before treatment, would be M = r x F 
(where M is moment, r is the moment arm and F is the force) M = 57,1 x 100 = 5710 N mm. 
In a static system, the sum of the moments of MAS and MPM equals the moment of 
the bite force. In the present example the moment of MAS and MPM is: M
muscle 
= r
muscle
 
x  F
muscle
 = ½ 5710 = 2855 N mm. The force vector of each muscle can be calculated 
(F
muscle
 = M
muscle
 / r
muscle
) resulting in F
MAS
 = 88,7 N and F
MPM
 = 119,8 N preoperatively. 
The resultant of F
MAS
 and F
MPM
 can be calculated with the formula: 
F
res
 = √(F
MPM
 + h x cota)2 + h2), where h = F
MAS
 x sina (Fig 4.). The joint reaction force 
is opposite to the resultant of all the jaw muscle force vectors. Consequently, the static 
joint reaction force to a bite force of 100 N increased postoperatively at its most from 
214 to 232 N in Group I and from 239 to 250 N in Group II.
The mean anterior rotation of the proximal segments in Group II was 6°. If the condyle 
is visualized as a cylinder with a length of 20 mm and a diameter of 10 mm (Fig. 7), its 
‘new’ articulating surface (s x L) can be estimated as follows: s = 6π5/180 = 1/6 π. 
1/6 π x 20 is approximately 10 mm2.  
The pre- and postoperative joint reaction forces during opening and closing of the mouth 
are shown in Fig. 6. An impression of the dynamics is given in the supplementary files 
(groupI_pre.mpg; groupI_post.mpg; groupII_pre.mpg and groupII_post.mpg).
Discussion
Group I consisted of patients with a short face and Group II of patients with a long 
face (Table 1). The advancement in Group I was mainly vertical. This was due to the 
clockwise rotation of the distal segment, which was necessary to correct the deep bite 
deformity. The advancement achieved in Group II was mainly horizontal, to correct the 
considerable overjet.
The efficiency of MAS and MPM to generate a given bite force can be expressed by their 
mechanical advantage (i.e. the ratio between the moment arm of the muscle and the 
moment arm of the bite force).21 The preoperative mechanical advantage of the MAS 
and MPM in this sample was almost similar in both groups (Table 2). A greater dif-
ference between the groups could have been expected considering the results of several 
studies.23-25 Other studies note that patients with mandibular hypoplasia or a vertical open 
bite deformity or a long face have mechanical advantages comparable to controls. 26-28 
The postoperative decrease of mechanical advantage was about the same in both groups 
(Table 2). This was somewhat unexpected since the larger mandibular advancement 
achieved in Group II would suggest a greater difference (Table 1). The results however, 
were in line with Zarrinkelk et al.25 Superior repositioning of the maxilla in Group II and 
anterior tilt of the occlusal plane in Group I were probably responsible for compensation 
of the expected difference. 
The analysis of static bite force was based on a simplified two-dimensional model which 
considered the resultant of MAS and MPM only. It is known, for example, that coordi-
nation of the activities of MAS and the anterior part of the temporalis muscle can reduce 

Dynamic loading of the condyle. The course of the joint reaction forces during opening and closing in the pre- 
and postoperative models of Groups I and II. Note that the largest joint reaction force is built up during opening 
at the moment of initial contact between the condyle-disc complex and the articular eminence. 1, closed mouth; 
2, initial contact with the articular eminence; 3, maximum mouth opening.
  Fig. 6.

‘New articulating surface’. Illustration of the formerly unused articular surface of the condyle. s, length of the 
arc of constant radius at 6° anterior rotation of the proximal segment. L, length of the condyle.  
  Fig. 7.
TMJ load.29 It can be speculated, however, that the joint reaction force is proportional 
to the force vectors of MAS and MPM.
The intercondylar angle, in particular in Group II, was considerably smaller than report-
ed in the literature.30,31 The cause and the clinical importance of this finding are not 
clear. The postoperative changes of the direction of the long axis of the condyle and the 
direction of the tangent to the ramus were small. It appeared that, in general, the posi-
tional changes of the condyles in the axial plane were modest.
As shown in  “Results” section, the ‘new’ articulating surface of the condyle appeared 

mpa, mandibular plane angle (Go-Me); MAS, masseter muscle; MPM, medial pterygoid muscle; a, angle 
between main direction of MAS and MPM; ramus, angle of the tangent to the posterior aspect of the ascending 
ramus and the scan plane; condyle (g), angle between the long axis of the condyle and the sagittal plane; r, right; 
l, left; ICA, intercondylar angle; tangent (b), angle between the tangent to the inferior border of the ascending 
ramus and the sagittal plane.
Table 2. Descriptive statistics (mean and SD) of: main direction and moment arms of 
MAS and MPM; moment arm of bite force; mechanical advantage; sagittal and axial ro-
tations of the condyle/ ramus.
small. The condylar bone itself, beause of the plate-like trabecular architecture, appears 
to be well equipped to receive forces in a plane perpendicular to the longitudinal axis 
of the condyle.32 For this reason, it should allow for a moderate postoperative sagittal 
rotation.    
It also appeared that the increase of the static joint reaction force was limited, in partic-
ular in Group II. 
The dynamic joint reaction force during mouth opening was comparable to the results 
of the study of Tuijt et al.22 As shown in Fig. 6, this was true for both groups. During clo-
sing, the joint reaction force in Group I was considerably higher than in the aforemen-
tioned study. The postoperative joint reaction force showed a decrease during mouth 
opening in both groups. It should be emphasized that dynamic joint reaction forces due 
to chewing were not considered in this study.
                Group I, mpa < 39° (n = 8)                                   Group II, mpa > 39° (n = 8)
             Pre                               Post             Pre                            Post
  
sagittal direction (°)
right and left sides averaged
MAS  12,0 (11,2) 14,6 (8,6) 20,8 (5,6) 11,8 (5,9)  
MPM  17,1 (11,4) 17,5 (10,2) 27,7 (9,3) 18,1 (8,4)  
a      5,1    2,9    6,9    6,3   
sagittal moment arm (mm) 
right and left sides averaged 
MAS  32,2 (2,3) 32,9 (2,5) 29,1 (2,3) 29,7 (2,8)  
MPM  23,8 (2,9) 24,1 (2,5) 21,9 (4,1) 23,2 (3,6)  
bite force  57,1 (4,5) 61,3 (4,5) 59,4 (5,1) 65,0 (6,0)
                Group I, mpa < 39° (n = 8)                                   Group II, mpa > 39° (n = 8)
              Pre                      Post            Diff            Pre                        Post                    Diff
mechanical advantage 
right and left sides averaged
MAS         0,57         (0,07)       0,54         (0,07)          -0,03        (0,04)       0,51       (0,05)      0,48      (0,07)  -0,03 (0,04)
MPM        0,42         (0,06)      0,40         (0,06)          -0,02        (0,04)       0,36       (0,08)      0,36      (0,08)    0,00 (0,04)
               Group I, mpa < 39° (n = 8)                                     Group II, mpa > 39° (n = 8)
              Pre                      Post              Diff(°)     Pre              Post Diff(°)
anterior rotation of ramus (°) 
right and left sides averaged
ramus          77,3         (6,5)        75,6         (5,8)         -1,7        (2,2)        84,7       (4,8)       79,1    (4,9)      -5,6       (3,7)
axial rotation of condyle and tangent to ramus (°)
condyle r (y)           62,2         (4,9)        63,1         (5,0)          0,9        (3,2)        53,1       (5,1)       54,5    (7,8)       1,4       (2,0)
condyle l (y)          65,3          (6,5)        67,1         (6,0)          1,8        (4,5)        59,3       (6,2)       61,3    (5,7)       2,0       (4,5)
ICA        127,5       (10,0)      130,2       (10,2)          2,7        (5,6)      112,4       (8,5)     115,8  (10,8)       3,4       (6,1)
tangent r (ß)          16,9      (5,1)  15,5         (5,4)         -1,4        (1,8)    17,3       (3,8)       12,3    (3,9)      -5,0       (2,8)
tangent l (ß)             16,7      (4,7)  16,0         (4,5)         -0,7        (3,8)    17,9       (1,8)       15,5    (2,3)      -2,4       (2,9)

The true cause for postoperative condylar remodelling and resorption, that is responsible 
for medium to long term relapse, is still not clear.  The outcome of the present study does 
not support the idea that increased joint loading and sagittal rotation of the condyle are, 
as suggested by Hwang et al.,19 the cause for condylar resorption and thus relapse. This 
applies to a normal joint configuration with the condyle and disc in proper anatomical 
position.
Supplementary data
Supplementary data associated with this article can be found in the on line version at 
doi:10.1016/j.ijom.2012.03.013
Captions to supplementary files.
The video fragments present an impression of the loading of the condyle during opening 
and closing of the jaw before and after surgery. The pre- and postoperative data of the 
direction of the masseter, medial pterygoid, lateral pterygoid and anterior digastric mus-
cles of Group I and Group II were imported in biomechanical models. The red arrows 
represent the joint reaction force on the right hand side; green the left hand side. See also 
Fig. 6. Please note that the images of the mandibles and the dentitions are schematic and 
not replicas of the actual anatomical shape of the mandibles of Groups I and II. 
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Abstract
This paper aims to clarify the influence of the changes of size and direction of jaw mus-
cles and the rotations of the proximal segments after surgical mandibular advancement 
procedures, on progressive condylar resorption (PCR) and skeletal relapse, in particular 
in long-face patients. The paper focuses on the differences between a short-face (SF, n=8) 
and a long-face group (LF, n=8), in which the mandible was advanced with a bilateral 
sagittal split osteotomy (BSSO). An additional Le Fort I osteotomy with posterior im-
paction was carried out in the LF-patients. Postoperatively, the rotations of the proximal 
segments were small. Cross-sectional area and volume of the masseter (MAS) and medial 
pterygoid (MPM) muscles and, therefore their strength, decreased significantly. Direc-
tion and size of the anterior belly of the digastric muscle did not change significantly in 
LF-patients. Jaw muscles, apparently, do not contribute to PCR after surgical mandibu-
lar advancement. 
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Introduction
The usual therapy for mandibular hypoplasia in growing individuals is orthodontic 
treatment that stimulates mandibular growth. When this is not possible anymore or 
when the discrepancy between maxilla and mandible is too big, a coordinated surgical-
orthodontic treatment is to be preferred. Such treatment begins with aligning the teeth 
in the arches to coordinate them, to achieve a proper fit once the mandible has been 
moved forwards. The latter is done by a bilateral sagittal split osteotomy (BSSO) (Fig-
ures 1 and 2, Chapter 1). 
When the modification of Dal Pont-Hunsuck is carried out a sufficient contact area will 
exist, which will allow for proper bone healing. In the sixties and the beginning of the 
seventies of the last century, it was generally thought that this healing would result in 
stability of the segments, but soon it became clear that relapse was the rule rather than 
exception. The wire osteosynthesis would allow for backwards slipping despite 6 weeks 
of intermaxillary fixation.1 Relapse after advancement surgery amounted to 10-30%, as 
reported by several authors.2-7 With the introduction of screws and miniplates, stability 
improved, but relapse still occurred be it at a lower rate and not in all cases.
Short face-Long face
Most of the research carried out in the seventies, to investigate the causes of relapse, was 
focused on the surgical method used. No differentiation was made with regard to the 
craniofacial types such as “short-face” and “long-face” (Fig. 5, Chapter 1). As a result, the 
outcome of these studies did not take into account the different biomechanics of these 
different facial types. In the eighties the concept gained ground that mandibular hypo-
plasia had to be divided in two types: one that occurred in patients with a concave face 
(“short-face”) and one in patients with a convex face (“long-face”).8-11 It appeared that 
relapse hardly occurred in patients with a short face, but those patients with a long-face 
showed a considerable tendency to relapse after advancement BSSO.
It is the intention of this paper to discuss the role of skeletal and muscular changes that 
occur after BSSO advancement, on the stability of the osteotomy.
Factors related to relapse tendency 
There are three known factors that may be involved in relapse of the advanced mandible.
1 The width of the maxillary arch.
Particularly in the long-face category, the maxillary arch width is often small, requiring 
expansion to fit the lower arch.  Orthodontic expansion alone will often give rise to 
transverse relapse, which in turn leads to an unstable occlusion resulting in an anterior 
open bite often accompanied with backwards slipping of the mandible.12 The transverse 
relapse is the result of muscular interaction of the cheek, tongue and lips. This problem 
can be solved by surgical expansion when carrying out the Le Fort I osteotomy. Current 
practice often includes palatal distraction instead of arch expansion, to circumvent this 
problem.
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2 Traction of the suprahyoidal muscles and the soft tissue envelope around the mandible.
Advancement of the mandible goes along with stretching of the soft tissue envelope exist-
ing of the suprahyoidal muscles, skin and sub-dermal tissues. The reciprocal forces, that 
are the result of this phenomenon, tend to pull the mandible backwards (Fig. 3, Chapter 
1). Research has shown that there seems to be a relation with the amount of advance-
ment and the tendency of relapse, which underscores this relationship.13 
When the mandible is advanced and at the same time a vertical anterior open bite is 
closed, a counterclockwise rotation of the distal segment is bound to happen (Fig. 4, 
Chapter 1). This is also contributing to the relapse tendency.14,15 The same forces as dis-
cussed above may play a role, but on top of that, the changed vectors of all masticatory 
muscles enhance this effect. This is difficult to substantiate in figures but is likely to be 
part of the problem.
3 Condylar resorption
In some patients condylar changes are noted after BSSO advancement. This is most like-
ly the result of adaptation after the changed position of the condyles. If no loss of height 
of the ascending ramus has occurred this could be considered condylar remodeling and 
will not have further consequences. When these changes go along with loss of condylar 
height and thus, with loss of posterior facial height, one speaks of condylar resorption, 
often with the adjunct progressive i.e. PCR (Fig. 1).16,17 This condition will give rise to a 
skeletal relapse in both sagittal and vertical direction, resulting in an anterior open bite 
and backward position of the mandible. This process takes one to two years, or even 
longer, and goes along with signs and symptoms that are similar to those seen in patients 
suffering from temporomandibular joint dysfunction. The frequency with which this 
Condylar resorption. 
Fig. 1.
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occurs appears to differ enormously when the results of various retrospective studies are 
compared (Table 1).18-30 There is only one prospective study, of 222 patients, in whom a 
BSSO was carried out to advance the mandible and no maxillary surgery was performed. 
An incidence of 3,5% was found with a confidence interval of 1,5 to 7%.29 In this study 
no significant difference was seen between short- and long-face patients, but patients 
with a vertical open bite were not included in this study.
Because in all retrospective studies no differentiation was made between short- and 
long-face patients and between males and females, the results were hardly comparable. 
In the treatment of short-face patients, the movement of the distal segment is mainly 
downward, because in most instances the existing deep bite needs to be corrected. The 
mandibular advancement is often small in these cases (Fig. 4, Chapter 1). In long-face 
patients the movement is mainly horizontal and in most instances much larger than in 
the short-face patients (Fig. 4, Chapter 1). This implies much more stretching of the soft 
tissue envelope around the chin and thus, increased reciprocal force on the joints. This 
may contribute to the generally higher incidence of PCR in the long-face patient. This 
might be counteracted by impacting the maxilla, through a Le Fort 1 type osteotomy 
(Fig. 2). By impacting the dorsal part of the maxilla it is thought that the unfavorable 
IMF, intermaxillary fixation, combined with intersegmental wire osteosynthesis; screws, position screws; *, advan-
cement BSSO only; #, prospective study
Author  Year  % cases   Method of fixation 
 
Kerstens et al. 1990      6%   IMF 
 
Moore et al.  1991      1%   miniplates or IMF 
 
De Clercq et al. 1994    31%   miniplates  
 
Bouwman et al. 1994    26%               IMF 
                                                            12%              screws 
 
Merkx et al.  1994      2%   IMF 
 
Scheerlinck et al.* 1994      8%   screws 
 
Huang et al.  1997    22%   IMF 
 
Hoppenreijs et al. 1998    23%   miniplates or IMF 
 
Cutbirth et al.*  1998    10%   screws 
 
Hwang et al  2000      4%   screws or miniplates or IMF 
 
Arpornmaeklong 2004     17%   screws 
 
Borstlap et al.* # 2004      4%   miniplates  
 
Kobayashi  2011    18%   screws or miniplates and IMF 
 
 
 
Tabel 1. Condylar resorption after advancement bilateral sagittal split osteotomy (BSSO), 
with or without Le Fort I osteoto y to impact the maxilla; 
IMF, intermaxillary fixation, combined with intersegmental wire osteosynthesis; screws, 
position screws; *, advancement BSSO only; #, prospective research  
Table 1. Condylar resorption after advancement bilateral sagittal split osteotomy 
(BSSO), with or without Le Fort I osteotomy to impact the maxilla
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effect of stretching of the soft tissue envelope is diminished resulting in less relapse ten-
dency. This assumption is backed by some studies.28,31,32 
 The tendency of PCR in young females with a convex face appears to be relatively high 
and unpredictable. Hwang et al. and Hoppenreijs et al, however, have shown that the 
pre-existing shape of the condyles is a defining factor i.e. that slender backwards con-
dyles are prone to undergo PCR.25,33 Yet, since PCR is very much linked to females, it is 
thought that the estrogen receptors, that are present in the synovia of the TMJ, also play 
a role.17,34,35 Together with the factors mentioned above, it has been hypothesized, that a 
sterile inflammatory reaction is responsible for the gradual destruction of cartilage and 
eventually the bone of the condyle.36,37 It is therefore of interest to look at the positional 
changes of the proximal segments, that are bound to occur when carrying out a BSSO 
and to examine the changes of both vector and shape of the muscles involved. For this 
reason, a research project was set up to study the changes of the masticatory muscles after 
BSSO advancement surgery, using a standardized MRI protocol.38-40 At the same time, 
the changes of the position of the condyles were studied.  
Summary of research carried out 
In the period 2003-2009, 16 patients were included in the study. They were divided 
in two groups. Group I consisted of 8 patients, 7 males and 1 female, with a short face 
(mandibular plane angle  <39°). Group II were long-face patients (mandibular plane an-
gle  >39°), 7 females and 1male. All these patients underwent an advancement BSSO. In 
the patients of Group II an additional le Fort I impaction osteotomy was done to prevent 
an increase in posterior facial height.
The mandibular movement in the patients in Group I was mainly vertical. On average, 
lower facial height had increased 6 mm. The sagittal advancement was only 2 mm. In 
Group II the average advancement was 9 mm (Fig. 4, Chapter 1).41,42
The skeletal changes were recorded on lateral cephalographs and MRI’s. In the short-
face patients a clockwise rotation of the distal segments was visible as could be expected 
because of the correction of the deep anterior bites.41 The proximal segments rotated 
counterclockwise when the distal segment had moved forward. This rotation on average 
was 2° in Group I and 6° in Group II (Fig. 4, Chapter 1).42
When the distal segment moves forward the proximal segments have to rotate laterally 
(Fig. 6, Chapter 1). This rotation occurs in both the axial and coronal plane.43-47 This 
rotation should increase with a larger advancement because of the parabolic shape of 
the mandible. Measurements, however, showed minimal changes in the axial plane. No 
measurements were performed in the coronal plane.48
All patients had a standardized MRI taken before orthodontic treatment had begun and 
one two years after the surgery.38-40 The results of the measurements on the muscular 
changes can be summarized as follows: A significant decrease (18%) of the cross-sectional 
area and volume of both the masseter (MAS) and the medial pterygoid muscles (MPM) 
was seen. In the patients of Group I, the direction of these muscles had not changed, but 
the direction of the anterior belly of the digastric muscle (DIG) had become more hori-
zontal. The volume of the lateral Pterygoid muscle (LPM) had significantly increased in 
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Advancement bilateral sagittal split osteotomy combined with a Le Fort I osteotomy with dorsal impaction. The 
clockwise rotation of the maxillo-mandibular complex is intended to reduce the unfavorable clockwise traction 
of the soft tissue envelope (yellow arrows). 
Fig. 2.
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Group I. The cross-sectional area of this muscle had decreased significantly in Group II. 
The changes of cross-sectional area, volume and direction of the MAS and MPM were 
more outspoken in Group II. The change in direction of the MAS and MPM occurred 
in three dimensions. In a sagittal plane they both ran 9° more vertical. They also canted 
medially, because of the outward rotation of the proximal segments. The angle between 
both muscles increased. The rotations of the skeletal segments had little or no effect on 
the direction of the LPM. 
It is tempting to speculate that advancement of the mandible will go along with a per-
manent change in the position of the hyoid bone. Research has shown that this occurs 
in the short term.49,50 Our research, however, showed no change in position after two 
years. The distance between the hyoid bone and the symphysis of the mandible had not 
changed either.
Discussion
One of the reasons to consider orthognathic surgery is to improve occlusion and arti-
culation to induce a better masticatory function. In the Dutch population this implies 
advancement surgery of the mandible, because mandibular hypoplasia is by far the most 
frequently seen dentofacial deformity. The assumption of improved masticatory func-
tion has been challenged by the results of a study of Van den Braber et al., who found 
in an in vivo study, that there was no difference in chewing capacity before and after 
a combined orthodontic-surgical treatment for patients with mandibular hypoplasia.51 
Our studies showed that the cross-sectional areas of the MAS and MPM decreased18% 
on average in long-face patients. This implies a decrease in muscle strength, which could 
point towards a more effective use of these muscles. In the long-face patients, both mus-
cles became more vertical, which also made them more effective.
One of the main reasons to look into the muscular changes after a BSSO to advance 
the mandible was to study the part these muscle changes could possibly play in the 
occurrence of condylar resorption after surgery. The hypothesis was that because of these 
changes the pressure on the condyles would increase. The results of our studies clearly 
indicate that the muscle strength had not increased, because neither the volume nor the 
cross-sectional areas increased in long-face patients. It can, therefore, only be concluded 
that the masticatory muscles do not contribute to PCR.
Because increased pressure on the condyles as a result of the treatment still is an attractive 
hypothesis, a different explanation has to be found. The length of the DIG had not chan-
ged, neither had its volume nor its cross-sectional area. Hence, the role of this muscle seems 
to be negligible. The stretched soft tissue drape consisting of skin and sub dermal tissues 
remains to be considered. This stretching could be the cause of an increased reciprocal force 
on the condyles.52 On top of that, surgeons tend to push the condyles backwards when ap-
plying fixation, to avoid condylar sag. In this context the hypothesis, as put forward by Wol-
ford and Cardenas, that an anteriorly dislocated disc might predispose to PCR, becomes 
relevant.53,54 37,55,56A condyle pushed posteriorly against a stretched posterior ligament may 
cause a sterile inflammation.36,37 Additional factors may play a role, such as the estrogen 
receptors in the synovial membrane of females, or an occult rheumatoid disease. To assess 
the role of  an anteriorly displaced disc, a randomized prospective study will be necessary.
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Summary, conclusions, address to the aims and future perspectives
This study aims to contribute to the knowledge of the adaptation of the jaw muscles 
after surgical mandibular advancement in short-face and long-face patients. The different 
results achieved after surgical mandibular advancement, using a bilateral sagittal osteo-
tomy (BSSO), between short-face and long-face patients, has been subject to extensive 
research over the last decades. Apart from different relapse tendencies, an increased risk 
for condylar resorption is obviously apparent in the long-face group. Until recently, no 
information was available on changes of jaw muscle size and direction and the possible 
effect of these changes on condylar loading and, thus, condylar resorption. In an effort to 
provide some of this information a study with the following aims was designed.
•   To calculate and to compare the cross-sectional area and the volume of the masseter 
muscle, the medial pterygoid muscle, the lateral pterygoid muscle and the anterior 
belly of the digastric muscle in a group of patients before treatment and at least one 
year after surgical mandibular advancement.
•   To assess and to compare the direction of the masseter muscle, the medial pterygoid 
muscle, the lateral pterygoid muscle and the anterior belly of the digastric muscle in 
a group of patients before treatment and at least one year after surgical mandibular 
advancement.
•   To compare the differences of the pre- and postoperative data on cross-sectional area 
and volume of these jaw muscles between a group of class II patients with a short face 
and a group of class II patients with a long face.
•   To compare the differences of pre- and postoperative jaw muscle direction between 
the two groups.
•   To assess the sagittal and the axial rotation of the proximal segments (condyles) that 
occurs as a consequence of mandibular advancement surgery and to compare the re-
sults between the two groups.
•   To estimate the change of the loading of the condyles as a consequence of surgical 
advancement procedures in class II short-face and class II long-face patients.
Chapter 2 describes the adaptation of the masseter and medial pterygoid muscles after 
bilateral sagittal split osteotomies (BSSO) to advance the mandible in five short-face and 
seven long-face patients with mandibular hypoplasia. A significant decrease of cross-
sectional area and volume was found postoperatively in both muscles. Although not 
significantly, the decline tended to be larger in long-face patients. The decline in muscle 
size is in keeping with the assumed, improved biomechanics of the masticatory system. 
It is also in accordance with an impairment of function of these jaw closing muscles after 
surgical mandibular advancement. 
Chapter 3 deals with the adaptation of the lateral pterygoid muscle and the anterior 
belly of the digastric muscle after advancement BSSO. The sample consisted of 18 pa-
tients. Seven of them had a short face and 11 a long face. Eight of the long-face patients 
were treated with a Le Fort I intrusion osteotomy in combination with a bilateral sagittal 
split osteotomy. The volume of the lateral pterygoid muscles increased significantly in 
the short-face patients, as measured at least one year after surgery. The cross-sectional 
area of the lateral pterygoid muscle decreased significantly in the patients treated with a 

bimaxillary osteotomy. The choice of the surgery, therefore, seemed an important factor 
in determining the degree of adaptation of this muscle. The anterior digastric muscles 
showed a highly variable adaptation without a consistent pattern.
Chapter 4 reports on the changes of the direction of the masseter and the medial ptery- 
goid muscles after advancement BSSO. The direction of these muscles was studied 
in a sample of 16 patients, consisting of eight short-face and eight long-face patients. 
All long-face patients were treated with a bimaxillary osteotomy, i.e. Le Fort I intrusion 
osteotomy and a BSSO. A line through the centroids of the muscle’s cross sections was 
calculated to represent the muscle’s direction. This line was projected on a sagittal and 
a frontal plane, perpendicular to the axial scan plane, to calculate the sagittal and the 
frontal direction and the moment arms of the muscles pre- and postoperatively. Sagit-
tal and frontal moment arms were calculated from the right condyle. The postoperative 
direction of both muscles in the sagittal plane became 9° more vertical in the long-face 
patients, which was significant. This change was attributed to the 6°counterclockwise 
rotation of the proximal segments in this group. The direction of the masseter and the 
medial pterygoid muscles in the frontal plane tilted slightly medially after surgery and 
the angle between the muscles increased, though not significantly. No significant chan-
ges in the length of the moment arms were found. The significant changes suggested 
that biomechanical changes occur in the masticatory system of long-face patients with 
mandibular hypoplasia, treated with bimaxillary surgery. 
Chapter 5 discusses the changes of the static and dynamic loading of the condyles that 
may follow the advancement of the occlusal plane and the changes in direction of the 
jaw-closing muscles. Postoperative rotations of the proximal segments (condyles) in the 
sagittal and the axial plane are presented. For this study, the muscular and skeletal data 
of the eight short-face and eight long-face patients, described in the previous studies, 
were used. Measurements of the moment arms of the bite force and measurements of the 
rotations of the condyles were added. The expected postoperative increase of the static 
joint force appeared limited, in particular in the long-face group. This was because of the 
unexpected modest decrease of the mechanical advantage of the masseter and the me-
dial pterygoid muscles in the long-face group. The dynamic joint reaction force during 
mouth opening decreased in both groups. Sagittal rotation of the proximal segments 
appeared to expose only a very small previously unloaded surface of the condyle to 
articulation. Rotations of the condyles in the axial plane were modest. The outcome of 
this study does not support the notion that increased loading of the condyle and coun-
terclockwise rotation of the condyle are the cause for condylar resorption and relapse.
Chapter 6 describes the skeletal and muscular changes of advancement BSSO and 
attempts to explain their relation to postoperative condylar changes and relapse. The 
decrease of the cross-sectional area and volume of the masseter and medial pterygoid 
muscles in the intermediate to long term after advancement BSSO suggests that these 
muscles have adapted to the new situation and that this is no disuse atrophy. It is not 
likely to assume that the adapted jaw-closing muscles generate more bite force and, thus, 
increase the forces on the condyle. The jaw-closing muscles, therefore, do not appear to 
contribute to the process of condylar resorption. The chewing capacity is not improved 
by the surgery and the accompanying orthodontics, which makes it likely that the ef-

ficiency of the chewing has increased.
Address to the aims
To calculate and to compare the cross-sectional area and the volume of the masseter muscle, 
the medial pterygoid muscle, the lateral pterygoid muscle and the anterior belly of the digastric 
muscle in a group of patients before treatment and at least one year after surgical mandibular 
advancement.
To compare the differences of the pre- and postoperative data on cross-sectional area and 
volume of these jaw muscles between a group of patients with a short face and a group of 
patients with a long face.
It was not difficult to motivate the patients to participate in the study.  Due to different 
reasons, however, a few patients were lost. One patient proved to be claustrophobic and 
did not dare to enter the MRI for the second time. Others objected to the removal of 
C-C bars before MRI and the replacement of the retaining wires after the examination. 
For some patients, the indication was changed in the course of the orthodontic treat-
ment. A few patients had moved to another city and were unable to return for the post-
operative MRI. Nevertheless, it was possible to include patients to compose a short-face 
and a long-face group, large enough for statistical compilation. The muscles were pro-
perly identifiable on the images and could be segmented reliably with the software. The 
findings described in Chapter 2 and 3 show that significant changes of cross-sectional 
area and volume of the jaw muscles occurred in short-face and in long-face patients.
To assess and to compare the direction of the masseter muscle, the medial pterygoid muscle, the 
lateral pterygoid muscle and the anterior belly of the digastric muscle in a group of patients 
before treatment and at least one year after surgical mandibular advancement.
To compare the differences of pre- and postoperative jaw muscle direction between short-face 
and long-face patients.
The customized software to assess the muscle direction worked well and had a reprodu-
cible output. It took some effort to align the pre- and postoperative images as to be able 
to compare the direction of the muscles before and after treatment. The results reported 
in Chapter 4 demonstrate that significant changes of the direction of masseter and medial 
pterygoid muscles occurred in long-face patients treated with bimaxillary surgery. 
To assess the sagittal and the axial rotations of the proximal segments (condyles) which occur 
as a consequence of mandibular advancement surgery and to compare the results between 
short-face and long-face patients.
To estimate the change of the loading of the condyles as a consequence of surgical advancement 
procedures in these two groups.
The different directions of the MRI sequences made it possible to assess the rotation of the 
condyles in the sagittal and the axial planes. Rotation of the condyles in the sagittal plane 
was comparable to the results of other studies. Rotations in the axial plane were modest.
It was possible to estimate the effect of the change of direction of the masseter and the 
medial pterygoid muscle after surgical advancement of the mandible on the loading of 

the condyles. The simplified two-dimensional static model however, could not consider 
the effect of the other jaw muscles.
Preoperative and postoperative dynamic loading of the condyles was estimated by 
importing the coordinates of the masseter, medial and lateral pterygoid and anterior 
digastric muscles in three-dimensional dynamic models of the human masticatory 
system. It was not possible to estimate the loading of the condyles during chewing.
Future perspectives
It could add to the understanding of jaw muscle adaptation if MRI could be taken: be-
fore orthodontic treatment, directly before surgery, six weeks after surgery and two and 
five years after surgery. This would require orthodontic appliances that do not disturb 
the images and above all, it would increase the expenses. It seems more realistic to extend 
the present research protocol with an MRI five years after surgery to assess long term 
changes. The use of titanium retention wires is recommended, because it avoids the need 
for temporary removal of these appliances for imaging purposes. 
For comparable research projects on a larger scale, segmentation software that can auto-
matically segment a muscle in an entire stack of images could reduce the amount of 
manual work considerably. 
The software to match the preoperative and postoperative images, which is available at 
present, could add to the accuracy of the comparisons and is, therefore, recommended 
for use in future research.
For better understanding of the direction of the muscles, it would be of importance to 
be able to calculate lines of action at different jaw positions during chewing. This will 
require dynamic, in vivo imaging devices. 
A prospective study on the changes of the biomechanical properties of the masticatory 
system of short-face and long-face patients is suggested. In this study, preoperative and 
postoperative bite force, preoperative and postoperative chewing performance and pre-
operative and postoperative cross-sectional area, volume and direction of the masticatory 
muscles should be compared, in combination with the preoperative and postoperative 
moment arms of the jaw muscles and the bite force.  The preoperative and postoperative 
position and form of the condyles should also be compared. The preoperative and post-
operative diet and the effect of preoperative and postoperative training of jaw-closing 
muscles could be studied in the same group of patients. A multicenter study will prob-
ably be necessary to include a sufficient number of patients.
In addition, an in vitro study on the pressure on the temporomandibular joints, which 
is generated by stretching the soft tissues surrounding the chin (i.e. the myo-fascial en-
velope), could be conducted. 
To assess the possible role of the disc position in patients prone to develop condylar 
resorption after orthognathic surgery, a prospective double blind study could be set up. 

This would entail a protocol in which patients are randomly assigned to two treatment 
groups. All should undergo the same type of orthognathic surgery. Preoperative MRI’s 
should be made to assess the position of the discs in all patients. Surgical disc reposi-
tioning, if necessary, should precede the BSSO in one group, whilst in the other group 
no disc surgery should be done. Long-term follow-up will be necessary of a fairly large 
group of patients to come to meaningful conclusions.

Samenvatting, conclusies, bespreking van de doelstellingen, toekomstig onderzoek
Het is de bedoeling met deze studie een bijdrage te leveren aan de kennis over de adap-
tatie van de kaakspieren na chirurgische voorwaartse verplaatsing van de onderkaak bij 
short- face en bij long- face patiënten. De verschillen in de resultaten van de bilaterale 
sagittale splijtingsosteotomie (BSSO), zoals die zich voordoen tussen short- face en long-
face patiënten, zijn door de jaren heen het onderwerp geweest van uitgebreid onderzoek. 
Er bestaat een verschil in recidiefneiging tussen deze beide skelettypen. Bovendien is 
er een verhoogd risico op condylaire resorptie aangetoond bij long- face patiënten. Tot 
voor kort was er geen informatie beschikbaar over postoperatieve veranderingen van 
grootte en richting van de kaakspieren en over de invloed die deze veranderingen zouden 
kunnen hebben op de belasting van de condylus en, als gevolg daarvan, op condylaire 
resorptie. Om die reden werd een onderzoek opgezet met de volgende doelstellingen:
•   Het berekenen en vergelijken van de cross- sectional area (grootste dwarsdoorsnede) 
en het volume van de m. Masseter, de m. Pterygoïdeus medialis, de m. Pterygoïdeus 
lateralis en de voorste buik van de m. Digastricus in een groep patiënten voorafgaande 
aan behandeling en minimaal een jaar na chirurgische verplaatsing van de mandibula 
naar ventraal.
•   Het berekenen en vergelijken van de richting van de m. Masseter, de m. Pterygoïdeus 
medialis, de m. Pterygoïdeus lateralis en de voorste buik van de m. Digastricus in een 
groep patiënten voorafgaande aan behandeling en minimaal een jaar na chirurgische 
verplaatsing van de mandibula naar ventraal.
•   Het vergelijken van de pre- en postoperatieve gegevens over cross- sectional area en 
volume van deze spieren tussen een groep Angle klasse II patiënten met een short face 
en een groep Angle klasse II patiënten met een long face.
•   Het vergelijken van de verschillen van de pre- en postoperatieve richting van de kaak-
spieren en het vergelijken van die verschillen tussen beide patiëntengroepen.
•   Het berekenen van de rotaties van de proximale segmenten (condyli) in het sagittale 
en het axiale vlak door de ventraalwaartse chirurgische verplaatsing van de onderkaak 
en het vergelijken van de resultaten van die metingen tussen beide patiëntengroepen.
•   Het ramen van de verandering van de belasting van de condyli als gevolg van chirurgi-
sche verplaatsing van de mandibula naar ventraal, bij beide patiëntengroepen.
In hoofdstuk 2 wordt de adaptatie van de m. Masseter en de m. Pterygoideus medialis na 
chirurgische procedures met ventraalwaartse verplaatsing van de mandibula beschreven 
in een groep van 5 short- face en 7 long- face patiënten. Alle patiënten werden behandeld 
met een verlengings BSSO. Bij de long- face patiënten werd tevens een Le Fort I osteoto-
mie met dorsale impactie uitgevoerd. Een significante afname van de cross- sectional area 
en het volume van beide spieren werd aangetoond. De afname van cross- sectional area 
en volume was mogelijk, maar niet significant, iets sterker bij de long- face patiënten. De 
afname van de spiergrootte is verenigbaar met een scenario waarin de biomechanische 
eigenschappen van het kauwstelsel verbeteren. De afname kan echter ook passen bij een 
verminderde functie van deze kaaksluiters na chirurgische ventraalwaartse verplaatsing 
van de mandibula.
Hoofdstuk 3 beschrijft de adaptatie van twee spieren die betrokken zijn bij het openen 
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van de mond, de m. Pterygoideus lateralis en de voorste buik van de m. Digastricus. De 
patiëntengroep bestond uit 18 personen; 7 met short- face en 11 met long- face morfo-
logie. Acht van de long- face patiënten werden behandeld met een Le Fort I osteotomie 
in combinatie met een BSSO met ventraalwaartse verplaatsing van de mandibula. Het 
volume van de m. Pterygoideus lateralis nam na operatie significant toe bij de short- face 
patiënten. De cross- sectional area van deze spier nam significant af bij de patiënten die 
waren behandeld met een bimaxillaire osteotomie. De chirurgische therapie lijkt daar-
door een belangrijke factor voor de mate van adaptatie van de m. Pterygoideus lateralis. 
De voorste buik van de m. Digastricus vertoonde een onregelmatig adaptatiepatroon
Hoofdstuk 4 behandelt de richting van de m. Masseter en de m. Pterygoideus medialis 
bij een groep van 16 personen, bestaande uit 8 short- face en 8 long- face patiënten. 
De long- face patiënten werden behandeld met een bimaxillaire osteotomie. De lijn 
(de spierrichting) door de centroïden van de spierdwarsdoorsneden, werd berekend. De 
projectie van deze lijn op een sagittaal en een frontaal vlak loodrecht op het axiale scan-
vlak werd gebruikt om de sagittale en frontale richting van de spier pre- en postoperatief 
te berekenen. De sagittale en frontale momentarmen van de spieren werden berekend 
vanuit de rechter condylus. De sagittale richting van beide spieren was postoperatief 
significant (9°) meer verticaal in de groep long- face patiënten. De verandering kon 
volledig worden verklaard door de voorwaartse (counterclockwise) rotatie (6°) van de 
proximale osteotomiesegmenten. In het frontale vlak kantelde de richting van de spieren 
gering naar mediaan, terwijl de hoek tussen beide spieren toenam. De momentarmen 
veranderden gemiddeld niet significant. De significante verschillen in de groep long- 
face patiënten suggereren dat er veranderingen van de biomechanische eigenschappen 
van het kauwstelsel optreden bij long- face patiënten met mandibulaire hypoplasie na 
behandeling met bimaxillaire chirurgie. 
Hoofdstuk 5 behandelt de verandering van de statische en dynamische belasting van de 
condyli die zou kunnen optreden na ventraalwaartse verplaatsing van het occlusievlak 
en na verandering van de richting van de m. Masseter en de m. Pterygoideus medialis. 
De rotaties van de proximale segmenten (condyli) in het sagittale en het axiale vlak, als 
gevolg van de BSSO, worden gepresenteerd. De spier- en skeletgegevens van de 8 short- 
face en de 8 long- face patiënten uit de vorige studies werden gebruikt voor dit onder-
zoek. Daaraan werden de uitkomsten van de metingen van de lengte van de moment-
arm van de bijtkracht en de metingen van de rotaties van de condyli toegevoegd. De 
verwachte postoperatieve toename van de statische gewrichtsreactiekracht bleek gering 
te zijn, vooral in de long- face groep. Dit werd veroorzaakt door de onverwacht geringe 
afname van het mechanisch voordeel van de m. Masseter en de m. Pterygoideus medialis 
in de long- face groep. 
De dynamische gewrichtsreactiekracht tijdens mondopening nam postoperatief in beide 
groepen af. Slechts een gering, voorheen onbelast, deel van het condylaire oppervlak 
werd, door de sagittale rotatie van het proximale segment, betrokken bij de articulatie. 
De resultaten van dit onderzoek bieden geen steun aan de theorie, dat toegenomen be-
lasting van de condylus en counterclockwise rotatie van de condylus de oorzaken zijn 
van condylaire resorptie en recidief.

In hoofdstuk 6 worden de skelet- en spierveranderingen na BSSO met ventraalwaartse 
verplaatsing beschreven en er wordt getracht een relatie te leggen met postoperatieve 
condylaire veranderingen en recidief. 
De afname van de cross- sectional area en het volume van de m. Masseter en de m. Ptery-
goideus medialis doet vermoeden dat deze spieren zich hebben aangepast aan de nieuwe 
situatie en dat er niet langer sprake is van atrofie door tijdelijke vermindering van functie 
(disuse atrophy). Het is niet aannemelijk dat de aangepaste mm. Masseter en Pterygoi-
deus medialis meer bijtkracht genereren en daardoor de krachten op de condyli doen 
toenemen. De m. Masseter en de m. Pterygoideus medialis lijken daardoor geen bijdrage 
te leveren aan postoperatieve condylaire resorptie. Het kauwvermogen lijkt niet verbe-
terd te worden door orthodontisch- chirurgsche behandeling van Angle klasse II afwij-
kingen. Het is wel aannemelijk dat de effectiviteit van het kauwproces er door toeneemt.
Bespreking van de doelstellingen
Het berekenen en vergelijken van de cross-sectional area en het volume van de m. Masseter, 
de m. Pterygoïdeus medialis, de m. Pterygoïdeus lateralis en de voorste buik van de m. Di-
gastricus in een groep patiënten voorafgaande aan behandeling en minimaal een jaar na 
chirurgische verplaatsing van de mandibula naar ventraal. 
Het vergelijken van de pre- en postoperatieve gegevens over cross- sectional area en volume van 
deze spieren tussen een groep short- face en een groep long- face patiënten.
Het was niet moeilijk om patiënten te motiveren om deel te nemen aan dit onderzoeks-
project. Helaas was er, om diverse redenen, toch enige uitval van patiënten. Een patiënt 
bleek te lijden aan claustrofobie. Zij durfde niet voor de tweede keer aan het MRI on-
derzoek deel te nemen. Enkele anderen hadden bezwaren tegen het verwijderen van de 
C-C bars voor de MRI en het herplaatsen van deze retentiedraden na afloop van het on-
derzoek. Bij sommige patiënten werd de indicatie veranderd tijdens de orthodontische 
behandeling. Enkele patiënten waren verhuisd en konden niet meer terugkomen voor 
het postoperatieve MRI- onderzoek. Het was desondanks mogelijk voldoende patiënten 
te includeren om een short- face en een long- face groep samen te stellen waarvan de 
gegevens statistisch konden worden bewerkt.
Het berekenen en vergelijken van de richting van de m. Masseter, de m. Pterygoïdeus me-
dialis, de m. Pterygoïdeus lateralis en de voorste buik van de m. Digastricus in een groep 
patiënten voorafgaande aan behandeling en minimaal een jaar na chirurgische verplaatsing 
van de mandibula naar ventraal.
Het vergelijken van de verschillen van de pre- en postoperatieve richting van de kaakspieren 
en het vergelijken van die verschillen tussen short- face en long- face patiënten.
De software waarmee de richting van de spieren werd berekend heeft goed gefunctio-
neerd en heeft reproduceerbare uitkomsten opgeleverd. Het heeft enige moeite gekost 
om de pre- en postoperatieve beelden “over elkaar te leggen” teneinde de richting van 
de spieren voor en na behandeling te kunnen vergelijken. De resultaten in hoofdstuk 4 
tonen aan dat er significante veranderingen optreden in de richting van de m. Masseter 
en de m. Pterygoideus medialis bij long- face patiënten die worden behandeld met bi-
maxillaire chirurgie.

Het berekenen van de rotaties van de proximale segmenten (condyli) in het sagittale en het 
axiale vlak door de ventraalwaartse chirurgische verplaatsing van de onderkaak en het verge-
lijken van de resultaten van die metingen tussen short- face en long- face patiënten.
Het ramen van de verandering van de belasting van de condyli als gevolg van chirurgische 
verplaatsing van de mandibula naar ventraal, bij beide patiëntengroepen.
Het was, door de verschillende richtingen van de MRI sequenties, mogelijk de rotaties 
van de condyli in het sagittale en het axiale vlak te meten. De rotaties in het sagittale 
vlak waren in overeenstemming met resultaten uit de literatuur. In het axiale vlak traden 
slechts geringe rotaties op.
Het was mogelijk een raming te maken van de verandering van de statische belasting van 
de condyli als gevolg van de verandering van de richting van de m. Masseter en de m. 
Pterygoideus medialis. In het vereenvoudigde tweedimensionale statische model kon de 
invloed van de overige kaakspieren niet worden geïncorporeerd. 
De pre- en de postoperatieve dynamische belasting van de condyli werd geraamd door 
de coördinaten van de m. Masseter, de mm. Pterygoideus medialis en lateralis en van de 
voorste buik van de m. Digastricus in te voeren in driedimensionale computermodellen 
van het menselijk kauwstelsel. Het was niet mogelijk de belasting van de condyli tijdens 
kauwbewegingen te ramen.
Toekomstig onderzoek
Er zou meer inzicht kunnen worden verkregen in het proces van adaptatie van de kaak-
spieren, indien MRI’s zouden worden vervaardigd op de volgende momenten: voor-
afgaand aan de orthodontische behandeling, direct voorafgaande aan de operatie, zes 
weken, twee en vijf jaar na de operatie. De kosten van het onderzoek zouden hierdoor 
uiteraard toenemen. Daarnaast is orthodontische apparatuur nodig die de beeldvorming 
niet verstoort. Het lijkt reëler het huidige onderzoeksprotocol uit te breiden met een 
MRI vijf jaar na operatie, om de veranderingen op lange termijn te kunnen meten. 
Het gebruik van titanium retentiedraden is wenselijk omdat daardoor de noodzaak tot 
verwijdering van de C-C bars voorafgaand aan het MRI- onderzoek komt te vervallen.
Software die de hele spier automatisch kan segmenteren kan, bij vergelijkbare onder-
zoeksprojecten, de hoeveelheid handwerk aanzienlijk verminderen.
De op dit moment beschikbare software die de pre- en postoperatieve beelden kan 
“matchen”, kan bijdragen aan de nauwkeurigheid van de vergelijkingen. Het gebruik 
van dergelijke software bij toekomstig onderzoek wordt dan ook aanbevolen.
Om meer inzicht te verkrijgen in de spierrichting is het van belang spierwerklijnen te 
kunnen berekenen bij verschillende posities van de onderkaak tijdens de kauwbeweging. 
Hiervoor zijn dynamische, in vivo beeldvormingtechnieken noodzakelijk.
Een prospectief onderzoek naar de veranderingen van de biomechanische eigenschappen 
van het kauwstelsel bij short- face en long- face patiënten is wenselijk. In dit onderzoek 

zouden de pre- en postoperatieve bijtkracht, het pre- en postoperatieve kauwrendement, 
de pre- en postoperatieve cross-sectional area, volume en richting van de kaakspieren 
moeten worden vergeleken, samen met de pre- en postoperatieve momentarmen van 
de kaakspieren en de bijtkracht. Ook de pre- en postoperatieve positie en vorm van de 
condyli zouden moeten worden vergeleken. Het pre- en het postoperatieve dieet en het 
effect van pre- en postoperatieve training van de “kaaksluiters” zou kunnen worden be-
studeerd in dezelfde patiëntengroep. Waarschijnlijk is een multicenter studie nodig om 
een voldoende aantal patiënten te kunnen includeren. 
Voorts lijkt een in vitro studie naar de druk op de kaakgewrichten als gevolg van het 
oprekken van de weke delen rond de kin (de myofasciale enveloppe) gewenst.
Teneinde de rol van de positie van de discus bij het ontstaan van condylaire resorptie na 
orthognatische chirurgie te kunnen bepalen, is het wenselijk een prospectief randomized 
dubbelblind onderzoek op te zetten. Hiertoe is een protocol nodig dat de patiënten wil-
lekeurig toewijst aan een van twee behandelingsgroepen. Alle patiënten zouden hetzelfde 
type orthognatische chirurgie moeten ondergaan. Preoperatieve MRI’s van alle patiënten 
dienen uitsluitsel te geven over de positie van de discus. Indien nodig zou, voorafgaand 
aan de BSSO, chirurgische repositie van de discus dienen plaats te vinden in de ene, 
maar niet in de andere behandelingsgroep. Om steekhoudende conclusies aan een der-
gelijk onderzoek te kunnen verbinden is lange termijn follow- up van een grote groep 
patiënten noodzakelijk.

Samevatting, konklusies, bespreking van die doelstellinge, toekomstige navorsing
Hoofstuk 1
Hierdie studie wil ’n bydrae lewer aan die kennis oor die aanpassing van die kaak-
spiere na chirurgiese verplasing van die onderkaak vorentoe, by short-face en long-face 
pasiënte. Die verskille van die resultate tussen short-face en long-face pasiënte na chirurgiese 
verplasing van die onderkaak vorentoe met ’n bilaterale sagittale splytingsosteotomie 
(BSSO), is in die afgelope dekades uitgebrei ondersoek. Daar is, behalwe ‘n verskil in te-
rugval na die operasie, ’n verhoogde risiko op kondilêre resorpsie in die long-face groep. 
Tot onlangs, was daar is nie inligting beskikbaar oor veranderinge van grootte en rigting 
van die kaakspiere nie, en oor die moontlike gevolge van hierdie veranderinge op die 
belasting van die mandibulêre kondiele en, daardeur, kondilêre resorpsie. In ’n poging 
om meer inligting in hierdie verband te voorsien, is ’n studie ontwerp met die volgende 
doelwitte.
•   Die berekening en vergelyking van die cross-sectional area (grootste dwarsdeursnee) en 
die volume van die masseter, die mediale en die laterale pterygoïedspier en die voorste 
buik van die digastricus in ’n groep pasiënte vóór die behandeling en ten minste een 
jaar ná chirurgiese voorwaartse verplasing van die onderkaak.
•   Die berekening en die vergelyking van die rigting van die masseter, die mediale en die 
laterale pterygoïedspier en die voorste buik van die digastricus in ’n groep pasiënte 
vóór die behandeling en ten minste een jaar ná chirurgiese voorwaartse verplasing van 
die onderkaak.
•   Die vergelyking van die verskille tussen die pre- en postoperatieve data van cross-
sectional area en volume van hierdie kaakspiere tussen ’n groep Angle klasse II pasiënte 
met ’n short face en ’n groep Angle klasse II pasiënte met ’n long face.
•   Die vergelyking van die verskille van pre-en postoperatieve rigting van die kaakspiere 
tussen die twee groepe pasiënte.
•   Die berekening van die sagittale en axiale rotasies van die proximale segmente wat 
gebeur as ’n gevolg van die verplasing van die onderkaak vorentoe en die vergelyking 
van die resultate tussen die twee groepe pasiënte.
•   Die beraming van die verandering van die belading van die kondiele as ’n gevolg van 
chirurgiese verplasing van die onderkaak vorentoe in short-face en long-face pasiënte.
In hoofstuk 2 word die aanpassing beskryf van die masseter en die mediale pterygo-
iedspier na chirurgiese prosedures waarby die onderkaak vorentoe verplaas word in ‘n 
groep van 5 short-face en 7 long-face pasiënte. ’n Aansienlike afname van cross-sectional 
area en volume is aangetoon in die short-face en die long-face pasiënte. Die afname van 
cross- sectional area en volume was moontlik iets sterker, maar nie beduidend nie, by die 
long-face pasiënte. Die afname van die spiergrootte pas by ’n scenario waarin die bio-
mechaniese eienskappe van die koustelsel verbeter. Die afname kan ook ooreenstem met 
’n funksie van die kaaksluitspiere wat afgeneem het na chirurgiese verplasing vorentoe.

Hoofstuk 3 beskryf die aanpassing van twee spiere wat betrokke is by die opening van die 
mond: die laterale pterygoïedspier en die voorste buik van die digastricus. Die pasiënte-
groep het bestaan uit 18 persone; 7 met short-face en 11 met long-face morfologie. Agt 
van die long- face pasiënte is behandel met ’n Le Fort I osteotomie in kombinasie met 
’n bilaterale sagittale splytingsosteotomie met voorwaartse verplasing van die onderkaak. 
Die volume van die laterale pterygoïedspiere het na die operasie aansienlik toegeneem by 
die short-face pasiënte. Die cross-sectional area het aansienlik afgeneem by die pasiënte 
wat behandel was met ’n bimaksillêre osteotomie. Die chirurgiese terapie blyk dus ’n 
belangrike faktor te wees vir die mate van aanpassing van die laterale pterygoïedspiere. 
Die voorste buik van die digastricus het ’n onreëlmatige aanpassingspatroon vertoon.
Hoofstuk 4 behandel die rigting van die masseters en die mediale pterygoïedspiere in 
’n groep van 16 persone, wat saamgestel is uit 8 short-face en 8 long-face pasiënte. Die 
long- face pasiënte is behandel met ’n bimaksillêre osteotomie. Die lyn deur die swaar-
tepunte van die dwarsdeursnedes, die rigting van die spier, is bereken. Die projeksie van 
hierdie lyn op ’n sagittale en ’n frontale vlak loodreg op die axiale scanvlak is gebruik om 
die sagittale en frontale rigting voor en na operasie te bereken. Die sagittale en frontale 
momentarme is bereken vanuit die regter kondiel. Die rigting van die sagittale werklyne 
het postoperatief aansienlik meer vertikaal geword (9°) in die groep long-face pasiënte. 
Die verandering in hierdie groep kon heeltemal verklaar word vanuit die voorwaartse 
(antikloksgewyse) rotasie van die proximale osteotomiesegmente (6°). In die frontale 
vlak het die rigting van die masseters na ’n meer vertikale posisie verander, terwyl die 
rigting van die mediale pterygoïedspiere juis meer horisontaal geword het. Die moment-
arme het oor die algemeen nie beduidend verander nie. Die aansienlike verskille in die 
rigting van hierdie spiere, wat gemeet is by die groep long-face pasiënte met bimaksillêre 
chirurgie dui aan dat belangrike veranderinge van die biomechaniese eienskappe van die 
koustelsel voorgekom het by hierdie groep pasiënte.
Hoofstuk 5 behandel die moontlike veranderinge van die statiese en dinamiese belasting 
van die mandibulêre kondiele as ‘n gevolg van die veranderinge van die grootte en die 
rigting van die masseters en die mediale pterygoïedspiere, wat veroorsaak word deur die 
chirurgiese verplasing van die onderkaak vorentoe. Die postoperatieve rotasies van die 
proksimale segmente (kondiele) in die sagittale en die axiale vlak word gepresenteer, 
saam met die momentarme van die bytkrag en die momentarme van die masseters en 
die mediale pterygoïedspiere. Die muskulêre en skeletale data van die 8 short-face en die 
8 long-face pasiënte wat deelgeneem het aan die vroeëre studies is in hierdie ondersoek 
gebruik. Die verwagte postoperatieve toename van die statiese gewrigsreaksiekrag was 
min, veral in die long-face groep. Dit is ’n gevolg van die onverwags matige afname van 
die mechaniese voordeel van die masseters en die mediale pterygoïespiere in die long-face 
groep. Die dinamiese gewrigsreaksiekrag by opening het afgeneem in altwee die groepe. 
Die sagittale rotasie van die proximale segmente stel blykbaar slegs ‘n baie klein, voor-
heen onbelaste, oppervlak van die mandibulêre kondiel bloot aan die artikulasie. Die 
rotasies van die kondiele in die aksiale vlak was min. Die resultate van hierdie studie onder-
steun nie die idee nie dat ’n toename van die belasting van die mandibulêre kondiel en 
’n antikloksgewyse rotasie van die proximale segment, verantwoordelik is vir kondilêrere 
resorptie en terugval.

Hoofstuk 6 beskryf die skeletale en musculêre veranderinge na chirurgiese voorwaartse 
verplasing van die onderkaak en daar word gepoog om hulle verhouding tot postope-
ratieve kondilêre veranderinge en terugval te verduidelik. Die afname van die cross-sec-
tional area en volume van die masseter en die mediale pterygoïedspier op medium en 
langtermyn na BSSO met voorwaartse verplasing dui aan dat hierdie spiere aangepas het 
aan die nuwe situasie en dat daar nie meer sprake is van ’n kortdurende operasie-effek 
nie. Dit is onwaarskynlik, dat die aangepaste kouspiere meer bytkrag en dus meer krag 
op die kondiele produseer. Die spiere wat die kaak sluit, blyk dus nie by te dra tot die 
proses van kondilêre resorpsie nie. Die koukapasiteit verbeter nie deur die operasie en 
die ortodontiese behandeling nie, maar waarskynlik verbeter die doeltreffendheid van 
die koustelsel.
Bespreking van die doelstellinge
Die berekening en vergelyking van die cross-sectional area en die volume van die masseter, 
die mediale en die laterale pterygoïedspier en die voorste buik van die digastricus in ’n groep 
pasiënte voorafgaand aan die behandeling en ten minste een jaar na chirurgiese voorwaartse 
verplasing van die onderkaak.
Die vergelyking van die verskille tussen die pre- en postoperatieve data van cross-sectional 
area en volume van hierdie kaakspiere tussen ’n groep pasiënte met ’n short face en ’n groep 
pasiënte met ’n long face.
Dit was nie moeilik om pasiënte te motiveer om deel te neem aan hierdie navorsing nie. 
As gevolg van verskeie redes, is ’n paar pasiënte egter verlore. Een pasiënt was claustrofo-
bies en sy wou dit nie waag om ‘n tweede keer die MRI in te gaan nie. Ander het besware 
teen die verwydering en die herplasing van die retensiedrade agter die onderincisieve ge-
had. By sommige pasiënte is die indikasie verander tydens die ortodontiese behandeling. 
Enkele pasiënte het verhuis en kon nie meer terugkom vir die postoperatieve MRI nie. 
Dit was egter moontlik om voldoende pasiënte in te sluit om ’n short-face en ’n long-
face groep saam te stel wat groot genoeg was vir statistiese bewerking.
Die berekening en die vergelyking van die rigting van die masseter, die mediale en die laterale 
pterygoïedspier en die voorste buik van die digastricus in ’n groep pasiënte voorafgaand aan 
die behandeling en ten minste een jaar na chirurgiese voorwaartse verplasing van die onder-
kaak. Die vergelyking van die verskille van pre- en postoperatieve rigting van die kaakspiere 
tussen ’n groep pasiënte met ’n short face en ’n groep pasiënte met ’n long face.
Die programmatuur waarmee die rigting van die spiere bereken is het goed gefunksio-
neer en het resultate opgelewer wat reproduseerbaar was. Dit was nogal moeilik om die 
pre- en postoperatieve beelde “oor mekaar te lê” om die rigting van die spiere voor en na 
die operasie te vergelyk. Die resultate in hoofstuk 4 dui aan dat daar aansienlike verande-
ringe voorkom in die rigting van die masseterspiere en die mediale pterygoïedspiere by 
long-face pasiënte wat behandel word met bimaksillêre chirurgie.
Die berekening van die sagittale en axiale rotasies van die proximale segmente wat plaasvind 
as ’n gevolg van die verplasing van die onderkaak vorentoe en die vergelyking van die resultate 
tussen die twee groepe pasiënte.

Die beraming van die verandering van die belading van die kondiele as ‘n gevolg van chirur-
giese verplasing van die onderkaak vorentoe in short-face en long-face pasiënte.
Dit was moontlik om deur die verskeie rigtings van die MRI rye, die rotasies van die 
kondiele in die sagittale en die aksiale vlak te meet. Die rotasies in die sagittale vlak het 
ooreengestem met data uit die literatuur. Die rotasies in die aksiale vlak was van min 
belang.
Dit was moontlik om ’n beraming te maak van die veranderinge van die statiese en die 
dinamiese belading van die kondiele as ’n gevolg van die verandering van die rigting van 
die masseter- en die mediale pterygoïedspier. In die vereenvoudigde tweedimensionele 
statiese model kon die effek van die ander kaakspieren nie oorweeg word nie.
Die pre- en postoperatieve dinamiese belading van die kondiele is beraam deur die ko-
ordinate van die masseterspier, die mediale en die laterale pterygoïedspier en van die 
voorste buik van die digastricusspier in te voer in ’n driedimensionele computermodel 
van die menslike koustelsel. Die beraming van die belading van die kondiele tydens 
koubewegings was nie moontlik nie.
Toekomstige navorsing
Om meer insig te verkry in die proses van aanpassing van die kaakspiere moet die MRI 
ondersoek gedoen word in hierdie volgorde: voor die begin van die ortodontiese be-
handeling, direk voor die operasie, ses weke na die operasie en twee en vyf jare na die 
operasie. Die koste van hierdie navorsing gaan daardeur toeneem. Daarbenewens is or-
todontiese apparatuur nodig wat die beeldvorming nie ontwrig nie. Dit sal waarskynlik 
meer realisties wees as die huidige protokol uitgebrei word met ’n MRI vyf jare na die 
operasie, om die veranderinge op die langtermyn te meet. Die gebruik van titanium 
retentiedrade is wenslik omdat daardeur die noodsaaklikheid tot verwydering van die 
drade voor die MRI verval.
Die rekenaarsagteware wat segmentering van die spier outomaties kan uitvoer kan, by 
vergelykbare navorsingsprojekte, die hoeveelheid handwerk aansienlik verminder.
Die tans beskikbare rekenaarsagteware wat die pre- en postoperatieve beelde bymekaar 
kan laat aanpas kan bydra tot die akkuraatheid van die vergelykings. Die gebruik van 
sulke programmatuur by toekomstige navorsings word aanbeveel.
Om ‘n betere insig te verkry in die spierrigting is dit belangrik om die rigting van die 
spier te kan bereken by verskillende posisies van die onderkaak. Daarvoor is dinamiese, 
in vivo, beeldingtoestelle nodig.
’n Toekomstige ondersoek na die veranderinge van die biomechaniese eienskappe van 
die koustelsel by short-face en long-face pasiënte is wenslik. In die ondersoek moet 
die pre- en postoperatieve bytkrag, die pre- en postoperatieve kouprestasie, die pre- en 
postoperatieve cross-sectional area, volume en rigting van die kaakspiere vergelyk word, 
saam met die pre- en postoperatieve momentarme van die spiere en van die bytkrag. 
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Ook die pre- en postoperatieve vorm en posisie van die kondiele moet vergelyk word. 
Die pre- en postoperatieve dieet en die effek van pre- en postoperatieve oefening van die 
spiere wat die kaak sluit kan bestudeer word in dieselfde pasiëntegroep. Waarskynlik is 
’n multi-sentrum navorsing nodig om voldoende pasiënte in die projek te kan insluit.
Verder is ’n in vitro studie wenslik om die druk op die kaakgewrigte as ’n gevolg van die 
strekking van die sagte weefsels rondom die ken (die myofasciale envelope) te bepaal.
Om die moontlike rol van die posisie van die artikulêre skyf in pasiënte wat geneig is om 
kondilêre resorpsie te ontwikkel na ortognatiese chirurgie te evalueer, is ’n dubbel blinde 
studie nodig. Dit sal lei tot ’n protokol wat die pasiënte ewekansig toewys aan twee 
behandelingsgroepe. Alle pasiënte moet dieselfde tipe ortognatiese chirurgie ondergaan. 
’n Preoperatieve MRI moet gedoen word om die posisie van die artikulêre skyf in alle 
pasiënte te evalueer. Indien nodig moet chirurgiese herposisionering van die artikulêre 
skyf die BSSO voorafgaan in die een groep, terwyl in die ander groep geen skyfchirurgie 
gedoen moet word nie. Langtermyn-opvolg van ’n redelike groot groep van die pasiënte 
sal nodig wees om tot sinvolle gevolgtrekkings te kom.
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Dankwoord.
Mariëtte, allerliefste, Voor jou de Vierdaagse, voor mij dit proefschrift. Jouw prestatie is 
groter dan die van mij. Jij hebt het alleen gedaan. Ik ben gedragen door velen, vooral ook 
door jou. Dank voor alles wat je doet en deed voor mij en voor ons gezin. Ik houd van je.
Hooggeleerde Tuinzing, beste Bram, Dank voor je uitnodiging dit onderzoek te komen 
doen. Ik heb er veel van geleerd en ik heb er enorm van genoten. Zowel de inspirerende 
momenten samen, als de momenten om rustig te kunnen werken in je kamer in de VU 
zijn me dierbaar geweest. Het is een eer om bij je te mogen promoveren.
Hooggeleerde Castelijns, beste Jonas, Dank voor je rustige, doeltreffende, nauwkeurige 
en uiterst plezierige manier van bijsturen. Je gedegen correcties van de teksten en je vak-
inhoudelijke inbreng in het project hebben me stevig ondersteund. Je bereidheid om als 
mijn promotor te fungeren beschouw ik als een grote eer.
Zeergeleerde Koolstra, beste Jan Harm, Je grote ervaring met het wetenschappelijk on-
derzoek is duidelijk. Ik heb veel geleerd van je, onbaatzuchtige, op resultaat gerichte ma-
nier van denken en werken. De sessies in je belvedère op de 12e etage van ACTA waren 
altijd inspirerend, vernieuwend en vrolijk. Ze hebben me steeds de energie gegeven om 
aan de slag te gaan met het onderzoek. Dank voor je bereidheid het copromotorschap op 
je te nemen op een voor het project bepalend moment. 
Zeergeleerde Forouzanfar, beste Tim, Je enthousiaste belangstelling voor dit project is 
zeer gewaardeerd. Je hebt een originele kijk op wetenschappelijk onderzoek. Alleen al 
daardoor ga je een uitstekende toekomst tegemoet als hoofd van de afdeling. Dank voor 
alle jaren van morele ondersteuning. Je komst door de sneeuw naar “Lunteren” is zeer 
op prijs gesteld.
Geleerde Van Schijndel, beste Ronald, Dank voor je bereidheid weerbarstige compu-
terprogramma’s bij te sturen, zodat we meestal nog dezelfde dag verder konden met het 
meet- en rekenwerk. Dank voor het “over elkaar leggen” van de images en voor je uitleg 
van de voor mij vaak onbegrijpelijke zaken die zich in het binnenwerk van de computer 
afspelen.
Zeergeleerde Van Spronsen, beste Peter, Ik kijk met voldoening terug op de vele uren 
die we hebben besteed aan het opzetten van het onderzoek en het schrijven van de eerste 
artikelen. De onverwachte resultaten aan het begin van het project wekten de nieuwsgie-
righeid en gaven de prikkel om steeds verder te kijken. Jammer genoeg heb je het project 
niet samen met ons kunnen voltooien. Dank echter, voor je grootse inbreng.
Geleerde Van Ginkel, beste Floris, Statistiek was altijd iets, waar ik met een boog om-
heen liep, tot jij me liet zien hoe boeiend het kan zijn en we met spanning zaten te kijken 
naar de resultaten van je rekenwerk. Jij hebt je vak voor mij “tot leven” gebracht. Dank 
voor je verfijnde statistiek, die vooral in de eerste artikelen bepalend is geweest.
Geleerde Tuijt, beste Matthijs, Je inbreng bij het 4e artikel (Hoofdstuk 5) heeft ervoor 
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gezorgd dat het theoretisch model voor de berekening van de krachten op de condylus 
ineens de 21e eeuw in getrokken werd. Ik weet dat het je heel veel tijd gekost heeft. Mijn 
dank daarvoor.
Geleerde Boom, beste Heleen, Dank voor het vele werk dat je hebt verzet met het laden 
en het bewerken van de bestanden. Jouw inbreng gaf mij de mogelijkheid om met dit 
onderzoek aan de slag te gaan.
Hooggeleerde Van der Waal, beste Isaäc, Je was direct bereid mij toe te laten tot je afde-
ling om er wetenschappelijk werk uit te voeren. Dit vertrouwen heb ik zeer gewaardeerd. 
Ik heb me vanaf het begin thuis gevoeld en ik ben met veel plezier namens de afdeling 
met lezingen over het project “de boer” op gegaan. Dank voor je niet aflatende belang-
stelling voor het onderzoek.
Hooggeleerde Manoliu, Dank voor het enthousiasme voor en het vertrouwen in dit 
onderzoek, voor de bereidheid het mede vorm te geven en het vervolgens te faciliteren. 
Dank voor de sympathieke steun bij mijn eerste stappen op het gebied van wetenschap-
pelijk onderzoek.
Dank aan alle patiënten die bereid waren om, soms van ver, terug te komen voor het 
afsluitende MRI- onderzoek. Zonder uw belangeloze medewerking was het onderzoek 
niet mogelijk geweest.
De dames en heren van de MRI van het VUMC, Dank voor jullie nauwgezette werk. Er 
is door jullie toedoen een unieke dataset opgebouwd die een schat aan informatie bevat 
en die een bron kan zijn voor nog veel meer wetenschappelijk onderzoek. Dank voor 
jullie bereidheid de onderzoeken zo te plannen, dat een van ons er bij aanwezig kon zijn.
Zeergeleerde Van Steenbergen, beste Martijn, Het is uiterst plezierig iemand in de buurt 
te hebben die volstrekt thuis is in het academische circuit en die, zonder dat daarom 
gevraagd wordt, met veel inzet en enthousiasme het project volgt en zorgt dat de proce-
dures goed lopen. Heel veel dank daarvoor.
Zeergeleerde Allard, beste Remy, “Hoe kom jij nou hier terecht” hoor ik je nog zeggen 
bij de aanvang van het onderzoek. Dank voor je reddingsacties bij alles wat mis kan gaan, 
van gewijzigde wachtwoorden tot het opsnorren van de “computer waar alles in zat”. Het 
is mede dankzij jouw hulp dat alles terecht is gekomen.
Geleerde Baart, beste Jacques, Het hebben van een goede buur in de VU is belangrijk. 
Altijd belangstelling en een gezellig praatje. Het is voldoende om de moed er in te hou-
den. Dank.
Mevrouw Ehrismann, beste Ingrid, Dank voor je belangstelling in de voortgang van het 
project en dank voor de hulp die af en toe nodig is, als je op de afdeling, waar je thuis 
bent, toch soms de weg moet vinden.
Dames van de receptie van de afdeling MKA van het VUMC, Dank voor jullie hulp bij 
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het terugvinden van, soms stokoude, patiëntengegevens. Geen moeite was teveel.
De heer Jacques Duijmelinck, in leven zeer gewaardeerde medecommissaris van de Ko-
ninklijke Stadsharmonie Phileutonia te Helmond. Zijn ontwerp voor apparatuur voor 
de registratie van veranderingen van de weke delen van het aangezicht na osteotomieën 
was de aanzet om aan de gang te gaan met wetenschappelijk onderzoek.
Hooggeleerde Beneken, beste Jan, Dank voor jouw stimulans om wetenschappelijk werk 
vanuit de periferie ter hand te nemen. Jammer dat we ons 3D- project te Eindhoven 
hebben moeten staken. De dissertatie die nu voor je ligt is echter een logisch vervolg op 
de zaken waar we destijds mee bezig waren.
Mevrouw Van Guluck, beste Anja, Bibliothecaris zonder weerga. Dank voor het opzet-
ten van de database, het maken van de zoekstrategieën, het meedenken en het verzenden 
van de manuscripten met de grote bestanden die, vooral enkele jaren geleden, met enige 
moeite het internet in geduwd moesten worden. Zonder jou had ik het niet voor elkaar 
gekregen. 
Mijnheer Van den Einden, beste Peter, mevrouw van Lierop, beste Anja, Na het vertrek 
van Anja van Guluck als bibliothecaris van het Elkerliek Ziekenhuis hebben jullie haar 
taken op een fantastische wijze overgenomen. Het proefschrift raakte bij Peters aantre-
den in een stroomversnelling, waardoor er in korte tijd veel gedaan moest worden. Dank 
voor jullie gedreven, professionele en altijd vriendelijke zorg voor onze bibliotheek en 
voor dit project.
Mijnheer Horvers, beste Peter, Fijn dat je, vanuit de ICT van het Elkerliek Ziekenhuis, 
altijd bereid was software op bruikbaarheid te beoordelen, vastgelopen programma’s op 
gang te brengen en andere ICT problemen op te lossen. Dank daarvoor. 
Mevrouw Kunen, beste Maartje, Ieder, die de afbeeldingen in dit proefschrift bekijkt, 
ziet dat ze gemaakt zijn door een Kunstenaar. Je vlotte, doeltreffende manier van wer-
ken heeft in korte tijd een grote hoeveelheid illustraties opgeleverd. Het grootste aantal 
daarvan is gepubliceerd in dit proefschrift, de rest zit in artikelen en voordrachten. Dank 
voor je mooie werk. Het is top.
Mevrouw en mijnheer Van Nieuwkerk, beste Corrie en Henk, Baie dankie vir die hulp 
by die vertaling van die samevatting van hierdie proefskrif in Afrikaans. Julle het ons 
geleer om julle land en julle pragtige taal lief te hê. Bo alles, baie, baie dankie vir die ou 
vriendskap.
Hooggeleerden Becking, Van Beek en Koole, zeergeleerde De Graaf, Dank voor uw be-
reidheid om zitting te nemen in de leescommissie. Dank voor de voortvarende beoorde-
ling van het manuscript.
Dames van de afdeling MKA van het Elkerliek ziekenhuis, Hartelijke dank voor jullie 
tomeloze inzet voor onze afdeling. Jullie zijn een voorbeeldig team. Beter kan onze maat-
schap zich niet wensen. Mede door jullie voortreffelijke ondersteuning kunnen de maten 
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ook nog tijd vrij maken voor bestuurswerk of voor (dit) onderzoek.
Zeergeleerde Groot, geleerde De Clonie MacLennan- Naphausen, beste Robert en 
Manon, maten, We hebben niet zomaar een maatschap. De onvoorwaardelijke inzet 
voor onze patiënten, voor onze afdeling en voor elkaar heeft veel tot stand gebracht. Wij 
drieën zijn trots op onze afdeling. Robert, al meer dan 20 jaar mijn maat en Manon, 
sinds 2 jaar, dank voor de samenwerking. Dank ook, voor jullie steun bij dit onderzoeks-
project, het opvangen van diensten en het luisteren naar mijn geklets over teleurstellin-
gen en vorderingen. Ik vind het een eer jullie maat te zijn. 
Hooggeleerde Stoelinga, beste Paul, Het proefschrift was wellicht niet tot stand gekomen 
als jij je er niet mee bemoeid had. Heel veel dank voor je doortastend ingrijpen, je snelle 
correcties en redacties. De inspirerende uren in de grote studeerkamer bij de open haard 
blijven me bij als dierbare herinneringen. Dank voor alle positieve energie.
Mijn ouders, die er niet meer zijn, die het graag hadden meegemaakt en er altijd in 
hebben geloofd. Ik ben ze dankbaar voor de ruimte die ze hebben geboden om me te 
ontwikkelen en dat ze me hebben geleerd met die vrijheid om te gaan.
Maarten, Eveline en Michiel, Dank voor jullie niet aflatende belangstelling en het rots-
vaste vertrouwen in de goede afloop. Ik vind het mooi om jullie als paranimfen en als 
ceremoniemeester aan mijn zijde te hebben. Jullie hebben het werk langzaam zien vorde-
ren. Het resultaat, dit proefschrift, draag ik aan jullie op. 
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Academisch Centrum voor Tandheelkunde Amsterdam (ACTA) en VU medisch cen-
trum vanaf januari 2003. Hoofd: prof.dr. I van der Waal; dr. T. Forouzanfar.
Onderwijsfuncties:
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